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Spinal  cord  injury  results  in  an  interruption  of  the  neurological  pathways  from  the  brain 
to  the  muscles.  However,  the  muscles  themselves  retain  their  ability  to  contract  and  to 
produce  force.  Thus,  paralysed  muscles  can  be  stimulated  artificially  by  applying  electrical 
pulses  to  them,  thereby  regaining  their  function.  This  technique  is  known  as  Functional 
Electrical  Stimulation  (FES).  This  thesis  is  concerned  with  the  restoration  of  upright 
standing  after  spinal  cord  injury  (SCI)  by  the  means  of  Functional  Electrical  Stimulation. 
In  particular,  the  work  presented  in  this  thesis  is  concerned  with  unsupported  standing, 
i.  e.  standing  without  any  support  by  the  arms  for  stabilisation. 
Firstly,  the  experimental  apparatus  and  feedback  control  approach  is  described.  Sec- 
ondly,  the  experimental  work  is  divided  into  three  parts.  The  motivation,  experimental 
setup  and  procedure  as  well  as  results  and  conclusions  are  given  for  each  of  them.  The  fea- 
sibility  of  the  investigated  approach  was  usually  tested  on  a  neurologically  intact  subject. 
The  results  were  subsequently  confirmed  with  a  paraplegic  subject. 
First  the  feasibility  and  fundamental  limitations  of  unsupported  standing  were  investi- 
gated.  Assuming  the  subject  as  a  single-link  inverted  pendulum,  an  improved  full  dynamic 
control  approach  was  employed  in  the  first  step,  confirming  existing  results.  Here,  the  vol- 
untary  influence  by  the  central  nervous  system  was  minimised.  However,  it  is  naturally 
desirable  to  take  advantage  of  the  residual  sensory-motor  abilities  of  the  paraplegic  subject 
to  ease  the  task  of  stabilising  the  body.  Ankle  stiffness  control  has  been  proposed  in  the 
literature  to  accomplish  this  task.  Hitherto,  ankle  stiffness  was  provided  by  artificial  actu- 
ators.  In  the  second  part  we  investigated  the  feasibility  and  limitations  of  ankle  stiffness 
control  by  means  of  FES.  The  same  single-link  approach  was  employed  as  above.  Ankle 
stiffness  control  by  FES  was  used  in  the  third  part  to  enable  paraplegic  standing.  Here, 
the  subject  was  required  to  participate  actively  in  the  task  of  stable  standing  and,  while 
doing  so,  behaving  like  a  double-link  inverted  pendulum. 
It  could  be  shown  that  FES-controlled  ankle  stiffness  contributed  crucially  to  the 
subject's  ability  to  stand.  The  thesis  concludes  with  propositions  for  future  work. 
..  i.. 
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xiii Chapter  1 
Introduction 
We  usually  take  upright  standing  for  granted.  It  is  only  when  we  fail  to  manage  this 
task,  due  to  illness  or  injury,  that  we  realise  how  complex  and  difficult  it  is.  This  thesis 
is  concerned  with  the  restoration  of  upright  standing  after  spinal  cord  injury  (SCI)  by 
the  means  of  Functional  Electrical  Stimulation  (FES).  Its  feasibility  and  fundamental 
limitations  are  studied.  A  strategy  to  incorporate  the  residual  sensory-motor  function  is 
investigated.  Finally,  a  path  for  further  development  is  proposed. 
This  introductory  chapter  provides  background  information  about  spinal  cord  injury 
and  FES  and  gives  an  overview  of  the  thesis. 
1.1  Spinal  Cord  Injury  and  Functional  Electrical  Stimula- 
tion 
Spinal  cord  injury  results  in  an  interruption  of  the  neurological  pathways  from  the  brain 
to  the  muscles.  Depending  on  the  level  of  injury,  this  causes  a  loss  of  motor  and  sensory 
functions  and  results  in  immobilisation  of  the  patient.  Figure  1.1  shows  the  impairment 
resulting  from  an  injury  at  a  particular  spinal  level. 
However,  the  muscles  themselves  retain  their  ability  to  contract  and  produce  force. 
Furthermore,  paralysed  muscles  can  be  stimulated  artificially  by  applying  electrical  pulses 
to  them,  thereby  regaining  their  function.  This  technique  is  known  as  Functional  Electrical 
Stimulation.  Figure  1.2  compares  the  principle  of  motor  function  control  in  a  physiologi- 
cally  intact  person  and  a  paraplegic. 
Applications  of  FES  include  bowel  and  bladder  control  after  SCI  [Creasey,  1999],  foot 
drop  correction  in  stroke  patients  and  hemiplegics  [Haugland  et  al.,  2000;  Hansen  et  al., 
2000],  hand  grasp  for  tetraplegics  [Inmann  and  Haugland,  2000;  Kilgore,  2000],  cardiac 
support  using  skeletal  muscle  ventricles  [Salmons  and  Jarvis,  1992],  ventilatory  assistance 
for  patients  with  a  cervical  level  injury  [Miller  and  Mortimer,  2001],  standing,  standing-up 
and  sitting  down  [Donaldson  and  Yu,  1996;  Riener  and  Fuhr,  1998],  and  cycling  [Hunt  et 
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Figure  1.1:  Spinal  column  with  spinal  cord  and  impairment  resulting  from  an  in- 
jury  at  a  particular  level.  Source:  Canadian  Paraplegic  Association, 
http:  //www.  nsnet.  org. 
al.,  2001].  For  some  of  these  applications  commercial  systems  are  already  available  (e.  g. 
FREEHAND®,  VOCARETM,  LifeSTIMTM  by  NeuroControlTM). 
Prolonged  immobilisation  causes  several  physiological  problems  such  as  bladder  in- 
fections,  pressure  sores,  demineralisation  of  bones,  muscular  atrophy,  spasticity  and  hy- 
potension  due  to  damage  to  the  sympathetic  nervous  system,  leading  to  vasodilation. 
Joint  contractures  limit  the  range  of  motion  which  impairs  the  patient's  mobility  and  in- 
dependence.  Beyond  the  direct  functional  motor  effects,  some  therapeutical  side  effects 
of  FES  on  these  difficulties  have  been  reported  [Daly  et  al.,  1996].  Stefanovska  et  al. 
[1989]  reported  a  decrease  in  tonic  spasticity  after  a  long-term  use  of  FES  in  hemiplegia  in 
both  ankle  joint  antagonist/agonist  muscle  groups  as  well  as  an  improvement  in  voluntary 
strength. 
Passive  standing  using  special  standing  frames  is  a  widely  employed  procedure  in  phy- 
siotherapy  after  SCI  to  overcome  some  of  these  physiological  problems  [Hammel,  1995; 
Grundy  and  Swain,  1996].  While  standing,  the  leg  bones  are  subject  to  normal  weight 
loading.  This  reduces  the  risk  of  osteoporosis  and  associated  fractures.  The  patient's  knee 
and  hip  joints  will  be  locked  by  a  belt  attached  to  the  frame.  Braced  in  this  way,  the  patient 
is  mechanically  stable.  Such  a  standing  session  will  typically  last  30  minutes.  Alternatively, 
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Figure  1.2:  The  principle  of  FES  to  restore  motor  function  control  in  paraplegia  exem- 
plary  for  plantarflexor  stimulation. 
long  leg  braces  can  be  used.  These  also  allow  ambulation  over  short  distances.  However, 
the  patient  will  typically  be  positioned  between  parallel  bars  and  be  required  to  hold  on 
to  the  bars  for  postural  stability. 
The  SCI  population  consists  of  50,000  people  in  the  U.  K.  700  people  injure  their  spinal 
cord  each  year  in  the  U.  K.  In  Europe  the  SCI  population  comprises  600,000  people,  in 
North  America  200,000  people.  80%  of  the  injuries  are  sustained  at  an  age  of  16-45.  The 
main  causes  within  the  U.  K.  are  road  traffic  accidents  (37%),  domestic  and  industrial 
accidents  (36%),  sport  accidents  (20%),  and  acts  of  violence  (7%)  [Grundy  and  Swain, 
1996]. 
These  numbers  show  that  the  SCI  population  is  a  considerable  target  population  with 
SCI  being  a  dramatic  turning  point  in  the  life  of  the  person  concerned.  Hence,  research 
activities  are  justified  which  aim  to  improve  some  of  the  circumstances  accompanying 
spinal  cord  injury.  This  thesis  focusses  on  the  restoration  of  "functional"  standing,  i.  e. 
standing  without  use  of  the  arms  for  stability.  These  would  then  be  free  to  perform  tasks. 
A  pre-requisite  for  the  application  of  FES  are  intact  lower  motor  neurons.  Figure  1.3 
shows  the  spinal  control  circuit  comprising  the  afferent  (sensory)  nerve,  the  efferent  nerve 
(lower  motor  neuron)  and  the  muscle  as  the  actuator.  If  either  the  afferent  or  efferent 
nerve  was  damaged,  the  nerve  cell  would  die.  For  the  lower  limbs  the  lower  motor  neurons 
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are  located  below  T12  in  the  spinal  cord  (cf.  Figure  1.1).  In  injury  below  this  level  the 
lower  motor  neurons  are  usually  damaged  and  FES  of  the  lower  limbs  can  therefore  not 
be  applied. 
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Figure  1.3:  Spinal  cord  cross  section  with  lower  motor  neuron,  afferent  and  efferent 
nerves  and  muscle.  Source:  Venes  et  al.  [1997]. 
Patients  with  a  cervical  lesion  will  have  a  lack  of  trunk  stability  as  their  trunk  muscles 
will  be  paralysed.  This  limits  the  potential  candidates  for  FES  supported  standing  to 
people  with  a  thoracic  injury  level  (41%  of  the  SCI  population  [Grundy  and  Swain,  1996]). 
The  main  difficulties  with  the  application  of  FES  for  the  control  of  standing  are  as 
follows: 
"  problems  associated  with  the  muscles: 
-  highly  nonlinear  and  time-variant 
-  synchronous  and  inverse  recruitment  pattern  results  in  fast  muscle  fatigue  when 
artificially  stimulated 
-  spasticity  (in  paralysed  muscles),  hyperexcitability  of  reflex  nerves  in  SCI 
-  paralysed  muscle  and  nerve  fibres  degenerate  when  not  used. 
"  problems  associated  with  targeting  of  the  stimulation: 
-  diffuse  stimulation  pattern  when  using  surface  electrodes 
4 Chapter  1:  Introduction  1.1  Spinal  Cord  Injury 
... 
-  difficulties  catching  shorter  muscles  and  muscles  located  deeper  below  the  skin 
when  using  surface  electrodes 
-  number  of  channels  when  using  implanted  electrodes 
"  sensory  problems: 
-  lack  of  practical  artificial  sensors 
-  natural  sensors  are  nonlinear,  time-variant  and  the  signals  are  spoilt  by  a  signal- 
noise-ratio  usually  less  than  1  (SNR<1) 
"  modelling  problems: 
-  kinematic  parameters  of  the  bio-mechanical  structure  of  the  human  body  are 
difficult  to  determine 
Among  these,  muscle  fatigue  and  spasticity  are  the  well  known  major  constraints  of  FES 
for  the  restoration  of  standing. 
It  should  be  mentioned  for  completeness  that  there  exists  an  alternative  research  ap- 
proach  to  FES  on  alleviating  SCI.  It  is  based  on  stimulating  the  ability  of  the  damaged 
nerve  cells  in  the  spinal  cord  to  regenerate.  Successful  regeneration  depends  upon  the 
ability  of  injured  axons  to  survive,  regrow,  and  reconnect  with  their  original  targets. 
Unfortunately,  the  central  nervous  system  (CNS)  cannot  regenerate  injured  nerve  fibres. 
Normally,  injured  neurons  die  and  a  scar  forms.  Achieving  axonal  growth,  though,  is  not 
sufficient;  retrieval  of  the  appropriate  pathways,  target  recognition,  orderly  reinnervation 
and  reestablishment  of  functioning  synapses  are  also  essential.  Although  progress  has 
been  made  in  various  fields  including  genetics,  biochemistry,  molecular  and  cellular  biol- 
ogy  and  physiology,  embryonic  and  adult  stem  cell  biology,  the  issue  remains  and  there 
are  still  a  number  of  scientific  challenges  to  be  met  before  it  is  time  to  initiate  clinical 
therapies  [Behar  et  al.,  2000;  Frey,  2001;  Ramer  et  al.,  2000]. 
In  current  clinical  therapy,  FES  supported  standing  is  still  being  achieved  by  stimu- 
lation  of  the  knee  extensor  muscles  while  the  ankle  joints  are  braced  by  an  orthosis  and 
stability  has  to  be  achieved  by  arm  support  [Kobetic  et  al.,  1999;  Cleveland  FES  Center, 
Ohio;  Salisbury  District  Hospital,  U.  K.  ].  Simple  feedback  algorithms  such  as  standard 
proportional-integral-derivative  control  (PID)  may  be  implemented  to  regulate  knee  ex- 
tension  [Wood  et  al.,  1998].  Therefore,  it  can  be  said  that  little  progress  has  been  made 
in  terms  of  control  techniques  since  the  beginning  of  clinical  FES  assisted  standing  pro- 
grammes  in  the  70's  [Kralj  and  Bajd,  1989].  Stable  standing  still  relies  on  arm  support. 
Here,  the  upper  extremities  support  an  average  of  25%  of  the  body's  weight  [Kobetic 
et  al.,  1999].  Moreover,  the  arms  provide  all  of  the  posture  stabilisation.  Consequently, 
paraplegic  standing  is  still  functionally  limited.  Progress  has  been  made,  however,  in 
terms  of  surgical  and  stimulation  techniques  with  implanted  systems  now  experimentally 
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available  [Kobetic  et  al.,  1999;  Wood  et  al.,  2001].  This  thesis  is  concerned  with  achieving 
standing  without  arm  support  by  applying  feedback  methods  to  facilitate  stability  in  order 
to  increase  the  functional  potential  of  standing  in  paraplegia. 
1.2  Outline  of  the  Thesis 
The  work  presented  in  this  thesis  is  subdivided  into  three  partial  objectives.  The  motiva- 
tion  is  given  for  each  of  them,  followed  by  a  description  of  the  experimental  setup.  The 
results  are  presented,  discussed  and  finally,  conclusions  are  drawn. 
"  Chapter  2  describes  the  experimental  methods  employed  throughout  the  thesis. 
This  chapter  precedes  the  presentation  of  the  individual  studies  because  these  meth- 
ods  were  repeatedly  utilised  throughout  the  different  parts  of  the  work.  The  experi- 
mental  apparatus  used  is  described.  The  generic  control  approach  is  outlined  and  a 
scheduling  strategy  is  developed  to  control  agonist/antagonist  muscle  groups. 
"  Chapter  3  investigates  the  feasibility  of  unsupported  standing  in  paraplegia.  The 
subject  is  assumed  as  a  single-link  inverted  pendulum.  This  configuration  is  realised 
by  a  custom-made  body  brace  attached  to  the  subject's  back  in  such  a  way  that 
movement  is  possible  only  around  the  ankle  joints  while  the  plantarflexor  muscles 
are  being  stimulated.  In  this  way,  the  influence  of  any  voluntary  control  effort  by  the 
CNS  is  minimised.  Standing  then  completely  relies  on  the  artificial  control  system, 
and  the  stabilising  moment  has  to  be  provided  by  the  plantarflexor  muscles  only 
while  they  are  being  stimulated.  The  effect  of  a  number  of  control  design  options  is 
investigated  in  experiments  with  an  intact  subject.  The  experiments  are  repeated 
with  a  paraplegic  subject  employing  the  most  appropriate  control  design  options. 
"  Chapter  4  evaluates  the  practicality  of  ankle  joint  stiffness  control  using  FES.  As 
in  the  previous  chapter,  voluntary  CNS  input  is  minimised  by  the  same  single-link 
inverted  pendulum  approach.  The  chapter  investigates  the  achievable  quality  of 
ankle  joint  stiffness  control  and  the  extend  to  which  ankle  stiffness  control  might 
facilitate  stable  standing.  The  plantarflexor  and  dorsiflexor  muscles  are  subjected  to 
FES  and  a  series  of  experimental  tests  is  carried  out.  These  tests  were  first  performed 
with  an  intact  subject  and  the  results  were  later  evaluated  with  a  paraplegic  subject. 
"  In  Chapter  5  ankle  joint  stiffness  control  is  employed  to  facilitate  paraplegic  stand- 
ing.  The  subject  is  required  to  actively  participate  in  the  task  of  stable  standing. 
However,  stability  is  not  provided  by  arm  support  but  by  upper  body  movement, 
potentially  leaving  the  arms  free  for  functional  tasks.  In  contrast  to  the  previous 
chapters  the  subject  behaves  like  a  double-link  inverted  pendulum.  Voluntary  upper 
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body  input  is  essential  and  necessary.  A  number  of  successful  standing  tests  were 
performed  with  a  paraplegic  subject. 
"  Finally,  conclusions  and  recommendations  for  future  work  are  addressed  in  Chap- 
ter  6. 
1.3  Contribution  of  the  Thesis 
Control  of  Isometric  Muscle  Moment.  A  control  method  for  isometrically  contract- 
ing  antagonist/agonist  muscle  groups  is  developed.  The  design  is  based  on  empirically 
determined  models  of  each  muscle  group.  The  models  are  estimated  from  measured  in- 
put/output  data.  The  design  approach  consists  of  separate  controllers  for  each  muscle 
group  with  common  states  and  a  suitable  scheduling  strategy.  It  also  includes  an  anti- 
windup  which  is  not  only  a  performance  feature  of  the  presented  approach  but  an  essential 
component  of  the  scheduling  scheme. 
Antagonist/agonist  muscles  consist  of  two  systems  which  are  well  separated  and  pro- 
duce  an  opposite  output  from  the  same  input  signal.  This  represents  the  main  difficulty  in 
control  of  antagonist  muscles.  The  presented  method  is  an  integral  component  in  higher 
level  experiments  which  demonstrate  its  feasibility. 
Control  of  Unsupported  Standing.  Previous  results  on  the  feasibility  of  unsupported 
standing  and  its  fundamental  limitations  are  verified  to  make  those  results  more  signifi- 
cant.  An  improved  control  system  design  for  paraplegic  standing  is  developed  which  deals 
with  the  left/right  asymmetry  in  muscle  strength  and  significantly  prolongs  the  period 
of  standing  in  paraplegic  subjects.  The  influence  of  various  design  aspects  is  discussed 
in  order  to  provide  a  transparent  methodology  for  the  design  of  feedback  controllers  for 
standing.  These  control  design  methods  are  based  on  polynomial  methods. 
Control  of  Ankle  Stiffness  while  Standing.  The  feasibility  of  the  control  of  ankle 
stiffness  while  standing  is  demonstrated.  A  control  strategy  is  developed  and  the  sig- 
nificance  of  various  stiffness  values  for  the  task  of  standing  is  discussed  as  well  as  the 
limitations  regarding  the  accuracy  of  ankle  stiffness  control.  This  work  represents  a  pilot 
study  towards  a  complete  impedance  control  at  the  ankle  joints  and  "integrated  volun- 
tary  control"  for  standing.  The  results  are  presented  for  both  an  intact  and  a  paraplegic 
subject. 
Integrated  Voluntary  Control-Paraplegic  Standing  supported  by  FES-Con- 
trolled  Ankle  Stiffness.  A  new  approach  of  combining  residual  upper  body  function 
and  closed-loop  FES  is  introduced.  This  is  called  "integrated  voluntary  control"  .A 
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closed-loop  controlled  ankle  stiffness  is  provided  by  means  of  FES  while  the  subject  is 
balancing  by  means  of  voluntary  and  reflex  activity.  The  FES  system  incorporates  the 
above  mentioned  method  to  control  antagonist/agonist  muscle  groups.  The  feasibility 
of  this  approach  is  demonstrated  and  the  stabilising  contribution  of  the  FES  system  is 
shown.  It  is  demonstrated  that  FES-controlled  and  externally  applied  stiffness  can  be 
combined.  The  presented  method  has  the  potential  to  make  the  task  of  paraplegic  standing 
"functional"  The  possibility  to  extend  the  method  is  discussed.  These  results  are  a  major 
novel  contribution  to  the  literature  and  represent  the  main  contribution  of  this  thesis. 
1.4  Publications 
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Enschede,  The  Netherlands,  1999. 
K.  J.  Hunt,  H.  Gollee,  R.  -P.  Jaime,  and  N.  Donaldson.  Feedback  control  of  unsupported 
standing.  Technology  and  Health  Care,  7(6):  443-447,  November  1999. 
K.  J.  Hunt,  H.  Gollee,  R.  -P.  Jaime,  and  N.  Donaldson.  Design  of  feedback  controllers  for 
paraplegic  standing.  In  Proceedings  of  IEE  Control  2000,  CD-ROM,  Cambridge,  U.  K., 
2000. 
K.  J.  Hunt,  R.  -P.  Jaime,  H.  Gollee,  and  N.  Donaldson.  Control  of  ankle  joint  stiffness  while 
standing.  In  Proceedings  of  the  5th  Annual  Conference  of  the  International  Functional 
Electrical  Stimulation  Society,  pages  462-465,  Aalborg,  Denmark,  2000. 
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108,  March  2001. 
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FES  while  standing.  Medical  Engineering  &  Physics.,  23(8):  541-555,  October  2001. 
K.  J.  Hunt,  R.  -P.  Jaime,  and  H.  Gollee.  Robust  control  of  electrically  stimulated  muscle 
using  polynomial  Hc-design.  Control  Engineering  Practice,  9(3):  313-328,  March  2001. 
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Experimental  Apparatus  and 
Feedback  Methods 
This  chapter  describes  the  experimental  methods  which  are  used  throughout  the  experi- 
mental  work  presented  in  this  thesis.  Most  of  the  methods  are  employed  in  different  parts 
of  the  work.  Therefore,  they  shall  be  described  separately  preceding  the  presentation  of 
the  experimental  work. 
2.1  The  Stimulator  Device 
The  stimulator  used  in  all  experiments  is  known  as  the  "Stanmore  Stimulator"  and  is 
described  in  Phillips  et  al.  [1993].  It  is  an  eight  channel  programmable  stimulator  driven 
by  a  PC  via  the  serial  port  and  produces  current  controlled  monophasic  rectangular  pulses 
up  to  a  duration  of  800µs  adjustable  in  steps  of  2µs  with  an  accuracy  of  0.5µs.  The 
amplitude  of  the  pulses  is  adjustable  in  steps  of  10  mA  up  to  130  mA.  The  stimulator  was 
operated  at  a  constant  frequency  of  20  Hz  (sampling  interval  50  ms). 
We  used  round  surface  electrodes  by  PALS®,  with  a  diameter  of  2  inches,  placed  over 
the  gastrocnemius  muscle  for  plantarflexing  and  the  tibialis  anterior  muscle  for  dorsiflexing. 
2.2  The  Wobbler  Apparatus 
The  experimental  apparatus  utilised  for  the  experiments  on  unsupported  standing  and  on 
the  control  of  ankle  stiffness  while  standing-called  the  Wobbler  apparatus  (but  not  to  be 
mistaken  with  the  London  Millenium  bridge)-is  described  in  Donaldson  et  al.  [1997].  The 
Wobbler  apparatus  has  been  specially  designed  for  the  investigation  of  control  algorithms 
for  unsupported  standing  in  the  sagittal  plane  without  interference  from  the  CNS.  In  order 
to  accomplish  that  requirement  the  subject  standing  in  the  apparatus  wears  a  custom  made 
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body  shell  which  braces  all  joints  above  the  ankle  joint.  In  that  configuration  the  subject 
can  be  regarded  as  a  single-link  inverted  pendulum  (cf.  Figure  2.1). 
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(a)  Inverted  pendulum  configura- 
tion.  Movement  is  only  possible 
around  the  ankle  joint 
(b)  Custom-made  body  brace. 
Figure  2.1:  Subject  standing  in  the  Wobbler  apparatus.  Safety  ropes  mounted  to  the 
ceiling  and  attached  to  the  subject's  shoulder  prevent  the  subject  from  falling 
over. 
The  feet  are  strapped  in  the  two  footboxes  as  shown  in  Figure  2.2.  The  footboxes  can 
be  rocked,  driven  by  a  DC  motor  with  a  maximum  "wobbling"  frequency  of  1  Hz  or  6  Hz. 
The  frequency  range  is  manually  adjustable.  The  rotational  motion  of  the  DC-motor  is 
transformed  into  a  sinusoidal  rocking  motion  by  a  gear.  The  shaft  angle  is  measured  by  a 
potentiometer.  The  "wobbling"  mode  is  employed  during  the  experiments  on  the  control 
of  ankle  stiffness  which  are  described  later  in  this  thesis. 
A  torque  sensor  between  the  footboxes  measures  the  moment  of  the  right  ankle.  An- 
other  torque  sensor  to  the  left  measures  the  total  ankle  moment.  A  string  attached  to  the 
subject's  back  is  led  over  a  potentiometer  to  measure  the  angle  of  inclination  of  the  body. 
The  Wobbler  can  be  used  in  three  different  ways: 
"  Footboxes  in  fixed  position  and  subject  in  fixed  position  by  tightening  the  safety 
ropes.  This  was  done  during  the  identification  procedure  of  the  muscle  properties  and 
control  of  the  isometric  muscle  moment  in  the  experiments  on  control  of  unsupported 
standing  and  on  control  of  ankle  stiffness. 
ý1 
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Figure  2.2:  Position  of  feet  in  footboxes  and  moment  measuring  load  cell. 
"  Footboxes  in  fixed  position  and  subject  free  to  move  around  the  ankle  joint.  This 
was  done  during  the  actual  standing  test  in  the  unsupported  standing  experiments 
as  well  as  during  different  tests  in  the  experiment  of  ankle  stiffness  control. 
"  Subject  in  fixed  position  and  footboxes  "wobbled".  This  was  done  during  the  exper- 
iment  on  ankle  stiffness  control  in  order  to  evaluate  the  stiffness  control. 
2.3  The  Multipurpose  Rehabilitation  Frame-MRF 
2.3.1  General  Description 
For  the  experiments  on  integrated  voluntary  control  a  new  experimental  device  is  em- 
ployed.  The  apparatus  is  called  the  Multipurpose  Rehabilitation  Frame-MRF  and  is 
described  in  Matjacic  [2000]  and  Matjacic  et  al.  [2000].  A  second  device  has  been  built 
based  on  Matjacic's  original  design  within  the  framework  of  research  presented  in  this  the- 
sis  with  permission  by  the  original  author  but  with  a  number  of  important  modifications. 
Modifications  that  have  been  made  are  summarised  as  follows: 
"  An  optional  rotating  foot  platform  has  been  built  combining  the  features  of  the 
experimental  frame  presented  in  Matjacic  and  Bajd  [1998b]  with  the  device  described 
in  Matjacic  [2000]  and  Matjacic  et  al.  [2000].  This  enables  us  to  investigate  artificial 
strategies  to  control  standing  in  intact  subjects. 
"  Absolute  shaft  encoders  have  been  used  instead  of  incremental  ones.  This  increases 
the  overall  safety  of  the  device  since  absolute  shaft  encoders  provide  a  well  defined 
angle  signal  at  all  times.  With  incremental  shaft  encoders,  the  frame  has  to  undergo 
a  special  "nesting"  procedure  each  time  the  device  is  switched  on.  This  holds  a 
potential  source  of  error  or  malfunctioning. 
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"  The  frame's  control  algorithm  is  running  on  the  xPC-Target  for  MATLAB/SIMU- 
LINK  instead  of  on  a  MS-DOS  based  user  written  C-program.  This  increases  the 
reliability  since  the  control  program  now  runs  on  a  special  real-time  kernel.  More- 
over,  this  provides  far  greater  flexibility  for  the  experimenter  if  he/she  wants  to  alter 
the  control  algorithm.  The  integrated  environment  for  control  design,  testing  and 
implementation  of  MATLAB/SIMULINK  limits  potential  faults  and  enables  better 
maintenance. 
In  contrast  to  the  Wobbler  the  MRF  has  been  designed  in  order  to  incorporate  actively 
the  subject's  residual  sensory-motor  capabilities  into  the  artificial  control  strategy.  The 
MRF  has  two  degrees-of-freedom  i.  e.  the  sagittal  and  the  frontal  plane.  For  safety  reasons 
the  range  of  motion  is  limited  to  ±23°  in  both  planes.  This  prevents  the  subject  from  falling 
over.  It  provides  support  around  the  hips  but  the  subject  is  free  to  move  his/her  upper 
body  in  the  lumbar/thoracic  spine.  In  this  configuration  the  subject  can  be  assumed  as  a 
double-link  inverted  pendulum.  The  frame  acts  as  an  artificial  ankle  joint  in  the  sagittal 
plane  and  as  an  artificial  hip  joint  in  the  frontal  plane,  respectively.  Figure  2.3  shows 
a  subject  standing  in  the  MRF.  There  are  two  options:  The  subject  can  stand  (a)  on 
forceplates  and  (b)  on  a  rotating  foot  platform. 
(a)  Subject  standing  on  a  force  plat- 
form 
(b)  Subject  standing  on  a  rotating 
foot  platform. 
Figure  2.3:  Subject  standing  in  the  MRF. 
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The  frame  provides  several  modes  of  usage: 
1.  Intact  subject  standing  on  forceplates-enables  investigation  of  the  natural  mecha- 
nism  of  controlling  upright  standing  and  posture. 
2.  Intact  subject  standing  on  a  rotating  foot  platform-enables  investigation  and  test- 
ing  of  artificial  control  strategies  in  intact  subjects. 
3.  Impaired  subject  standing  on  forceplates: 
(a)  Training  of  balancing  skills. 
(b)  Investigation  and  test  of  artificial  control  strategies  for  standing  using  the  hy- 
draulic  actuators  which  power  and  control  the  frame. 
(c)  Investigation  and  test  of  FES  control  strategies  for  standing. 
The  heart  of  the  MRF  is  the  two  degree-of-freedom  joint  actively  controlled  by  hy- 
draulic  actuators  as  shown  in  Figure  2.4.  It  is  essential  that  the  frame  is  lightweight  in 
order  to  minimise  the  disturbance  imposed  by  the  weight  of  the  frame.  Therefore,  despite 
their  non-linear  system  characteristics  hydraulic  actuators  have  been  chosen  because  one 
of  the  actuators  has  to  be  moved  by  the  other  and  hydraulic  drives  have  a  much  better 
power-weight  relationship  than  an  electrical  drive. 
Figure  2.4:  Actively  controlled  two  degree-of-freedom  joint. 
Figure  2.5  shows  an  exploded  view  of  the  actively  controlled  two  degree-of-freedom 
joint.  In  case  the  subject  is  standing  on  the  rotating  platform  the  lower  joints  have  to 
bear  the  body  weight.  Therefore  they  are  made  of  stainless  steel  which  makes  the  rotating 
parts  more  wear  resistant.  The  upper  part  of  the  frame  is  made  of  aluminium,  partly 
using  standard  profiles  and  quickbuild  components. 
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Figure  2.5:  Exploded  view  of  the  actively  controlled  two  degree-of-freedom  joint. 
2.3.2  The  Electro-  hydraulic  Servo  Circuit 
The  electro-hydraulic  servo  circuit  is  shown  in  Figure  2.6.  There  are  two  circuits  in  parallel, 
independently  controlling  the  frame  in  the  sagittal  and  in  the  frontal  plane,  driven  by  a 
common  power  unit.  The  power  unit  consists  of  a  pump  driven  by  a  three-phase  electrical 
motor  with  a  power  of  1.1  kW.  Furthermore  it  consists  of  a  suction  filter,  a  directional 
valve,  a  pressure  relief  valve  and  a  pressure  gauge.  In  this  configuration  the  power  unit 
provides  a  constant  operating  pressure.  A  four-way  servo  valve  controls  the  flow  through 
the  rotary  actuator.  The  servo  valve  is  driven  by  an  electrical  DC  torque  motor.  Under 
no-load  conditions  the  flow  is  proportional  to  the  driving  current.  The  torque  provided  by 
the  actuator  is  proportional  to  the  pressure  difference  across  the  actuator.  The  pressure 
difference  across  the  actuator  is  measured  by  two  pressure  transducers.  The  angle  of 
rotation  and  the  angle  of  inclination  of  the  frame  are  measured  by  an  absolute  shaft 
encoder  which  gives  a  digitally  coded  value  of  the  angle.  Thus,  the  actuator  torque  and 
the  angle  are  available  for  feedback. 
2.3.3  Control  of  the  MRF 
The  structure  of  the  feedback  controller,  running  on  a  PC,  is  shown  in  Figure  2.7.  There 
are  two  cascaded  feedback  loops. 
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Figure  2.6:  Hydraulic  servo  circuit  of  the  MRF.  There  are  two  electro-hydraulic  servo 
circuits  in  parallel,  one  of  each  controlling  one  plane  of  motion  (sagittal 
plane  and  coronal  plane),  driven  by  a  common  power  unit.  The  bold  grey 
parts  mark  the  electrical  feedback  parts  of  the  servo  mechanism.  The  sym- 
bol  0  indicates  the  shaft  encoder  which  measures  the  angle  of  inclination 
of  the  frame.  The  blocks  labelled  "C"  are  the  feedback  controllers  (for  de- 
tails  cf.  Figure  2.7).  For  hydraulic  symbols  refer  to  Zoebl  [1970].  For  the 
specification  of  the  hydraulic  components  refer  to  Appendix  A. 
The  outer  loop  is  subject  to  the  control  strategy  to  be  investigated  or  employed  for 
standing.  Currently,  there  is  a  stiffness  Ks  and  a  viscosity  feedback  K,  implemented. 
The  actual  values  for  stiffness  and  viscosity  are  selectable  by  the  experimenter.  In  terms 
of  control  theory  this  is  equivalent  to  a  PD-controller  for  the  angle  of  inclination  of  the 
frame.  Due  to  the  quantisation  noise,  the  "differentiated"  angle  signal  is  filtered  by  a 
second-order  Butterworth  filter  with  a3  dB  cut  frequency  of  5  Hz.  This  filter  results  in  a 
time  delay  of  46  ms.  The  load  imposed  by  the  weight  of  the  frame  can  be  compensated 
for  by  a  stiffness  of  the  frame  of  K3  =2  Nm/deg. 
The  moment  of  the  hydraulic  actuator  m  is  controlled  in  the  inner  feedback  loop. 
The  sum  of  the  angle  signal,  0,  multiplied  by  the  stiffness  value  and  the  "differentiated" 
angle  signal  multiplied  by  the  viscosity  value  provides  the  reference  moment  mre  f  for  the 
inner  loop.  Because  of  the  nonlinear  characteristics  of  the  servo-hydraulic  system  a  simple 
proportional  control  was  chosen,  which,  taking  safety  and  reliability  of  the  feedback  system 
into  account,  proved  to  be  sufficient. 
Additional  to  the  outer  feedback  loop  a  perturbation  moment  mp  can  be  applied  by 
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Figure  2.7:  Cascaded  control  structure  of  the  MRF.  Each  of  blocks  labelled  "C"  in  Fig- 
ure  2.6  is  of  this  structure.  The  input/output  signals  are  connected  to  the 
acquisition  boards  via  an  external  interface.  For  the  data  acquisition  boards 
refer  to  Appendix  A. 
the  experimenter.  The  perturbations  are  of  rectangular  pulse-like  shape  and  of  selectable 
amplitude  and  duration.  The  perturbation  moment  can  be  applied  in  eight  different  pre- 
defined  or  randomly  selected  directions  according  to  Figure  2.8. 
ýt/ 
Figure  2.8:  Directions  of  Perturbations.  Top  view  of  a  standing  subject  along  with  ar- 
rows  indicating  the  eight  directions  in  which  perturbations  can  be  applied. 
The  controller  according  to  Figure  2.7  has  been  implemented  in  MATLAB/SIMULINK 
and  is  running  on  the  xPC-Target  platform  for  MATLAB.  While  the  controller  is  designed 
in  MATLAB  and  implemented  in  SIMULINK,  the  control  algorithm  is  translated  into  a 
C-program,  compiled  and  downloaded  onto  a  second  PC  via  a  serial  link  where  it  runs 
independently  on  a  special  real-time  kernel.  Parameters  can  be  updated  online  via  a 
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Graphic  User  Interface.  This  combines  the  safety  and  reliability  of  a  real-time  operating 
system  with  the  open  architecture  of  SIMULINK  and  provides  easy  access  for  modification 
of  the  control  structure. 
2.3.4  Modelling  of  the  Hydraulic  Circuit 
For  the  purposes  of  controller  design  for  the  moment  controller,  the  hydraulic  servo  circuit 
has  been  modelled  and  simulated.  The  purpose  is  to  gain 
1.  an  idea  whether  a  simple  proportional  control  is  appropriate  of  performance  and 
what  performance  can  be  expected  and 
2.  a  starting  point  for  experimental  tuning. 
The  basic  principle  of  a  valve-actuator  combination  is  shown  in  Figure  2.9.  The  valve 
controls  the  flow  through  the  actuator. 
Figure  2.9:  Basic  principle  of  servo  valve  controlled  rotary  actuator.  The  servo  valve 
controls  the  flow  through  the  actuator.  P,  is  the  supply  pressure,  xz1  is  the 
spool  displacement. 
The  flow  balance  equation  can  be  derived  form  the  law  of  the  conversation  of  mass 
[Merritt,  1967;  Guillon,  1969].  The  mass  flow  m  within  a  system  follows  equation  (2.1). 
(2.1  Min  -  moist  = 
dm 
dt 
Here,  m  is  the  mass  of  the  hydraulic  fluid.  Substituting  m=  pQ  and  m=  pV,  with  p  the 
density,  V  the  volume,  and  Q  the  volume  flow  of  the  fluid,  the  mass  flow  balance  equation 
can  be  expressed  in  terms  of  volume. 
Qin  -  Qont  = 
dV 
dt 
+Vp 
dt 
dp 
(2.2) 
This  equation  can  be  read  as 
sum  of  inlet  flow  -  sum  of  outlet  flow  =  deformation  flow  +  compressibility  flow  (2.3) 
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Hydraulic  fluids  are  are  only  approximately  incompressible.  Although  the  density  changes 
are  sufficiently  small,  they  occur  so  fast  that  the  compressibility  flow  is  by  no  means 
negligible.  The  compressibility  of  a  fluid  is  characterised  by  the  variation  of  its  density 
with  pressure.  It  is  usually  approximated  by  the  expression 
Op  AP 
PB' 
(2.4) 
with  B  the  bulk  modulus  of  the  fluid.  The  bulk  modulus  is  closely  related  to  the  "stiffness" 
of  the  fluid.  The  bulk  modulus  is  often  referred  to  as  the  effective  bulk  modulus  ße 
accommodating  a  mathematically  similar  component  of  the  deformation  flow.  With  (2.4) 
and  eliminating  p  in  the  term  for  the  compressibility  flow,  (2.2)  becomes 
dV  V  dP 
QZn  -  Qout  =  dt 
+ 
dt 
(2.5) 
e 
Applying  (2.5)  to  each  motor  chamber  yields 
dVl  Vi  dPl 
Q1  -  CZ(P1  -  P2)  -  CePi  =  dt 
+ 
ße  dt 
(2.6) 
Ci(P1-P2)-CeP2-Q2  _  dt 
dV2 
+ 
VVß2 
dt 
dP2 
' 
(2.7) 
e 
where  Ci  is  the  internal  or  cross-port  leakage  and  Ce  is  the  external  leakage  coefficient. 
The  volume  of  each  motor  chamber  varies  with  shaft  rotation  and  can  be  expressed  as 
V1=Vo+f(e)  (2.8) 
V2  =  Vo  -f  (e) 
, 
(2.9) 
where  VO  is  the  average  contained  volume  of  each  motor  chamber  including  the  fluid  volume 
contained  in  the  servo  valve,  connecting  hoses,  and  manifolds,  f  (9)  is  the  variation  of 
volume  in  each  motor  chamber,  and  9  is  the  angle  of  shaft  rotation. 
The  deformation  flow  is  given  by  the  derivatives  of  (2.8)  and  (2.9) 
dVldf(8)VmdB  dV2 
dt  dt  Om  dt  dt  ' 
-J 
(2.10) 
where  Vm  is  the  nominal  absorption  volume  of  the  motor  and  9m  is  the  nominal  angle  of 
rotation  of  the  motor  according  to  the  actuator  data  sheet  (see  Appendix  A).  The  term 
B-  is  also  referred  to  as  the  volumetric  motor  displacement. 
Adding  (2.8)  and  (2.9)  we  obtain  the  total  volume  under  pressure 
Vt=Vi  +V2=2Vo. 
The  load  flow  Q1  can  be  expressed  as 
Ql=Q1+Q2 
2 
(2.11) 
(2.12) 
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Equation  (2.6)  and  (2.7)  can  be  summarised  by  substituting  Q1  in  (2.12).  Using  (2.8)- 
(2.10),  we  obtain 
Ce  Vm  de  Vp  d(Pi  -  P2)  f  (8)  dPi  dP2  Ql  =  ý%i  +2  (Pl  -  P2)  + 
9m  dt 
+ 
20e  dt 
+ 
2,  ße  dt  + 
dt 
(2.13) 
The  pressure  drop  across  the  load  P1  is  defined  as 
Pl-PI-P2"  (2.14) 
Furthermore,  the  supply  pressure  P,  s  is  given  by 
Ps=P1+  P2 
-  (2.15) 
Therefore,  the  pressure  in  each  chamber  can  be  expressed  by  the  load  and  supply  pressure 
as 
Pl  = 
PS  +  Pt 
(2.1  6) 
2 
P2  = 
PS  -  Pl 
. 
(2.17) 
2 
Using  (2.16)  and  (2.17),  it  can  be  seen  that  the  last  term  in  (2.13)  is  zero,  since  the  supply 
pressure  is  constant.  Therefore,  the  flow  balance  equation  (2.13)  can  be  reduced  to 
Vt  dPl  Vm  d8 
40e  dt  =  Ql  -  9m  dt  -  ctPl 
, 
(2.18) 
where  Ct  is  the  total  leakage  coefficient. 
The  block  diagram  of  a  valve  controlled  actuator  is  shown  in  Figure  2.10. 
I- 
- 
plant  for  pressure  servo 
----------------------------------------------- 
Figure  2.10:  Block  diagram  of  a  valve  controlled  actuator.  Any  movement  of  the  actuator 
acts  as  a  disturbance.  The  effective  flow  is  the  compliance  flow  Q, 
The  load  flow  Ql  controlled  by  the  servo  valve  can  be  derived  from  Bernoulli's  equation. 
It  is  generally  a  function  of  the  spool  displacement  and  the  load  pressure 
Ql  = 
,f 
(xv,  Pl  )  (2.19) 
Using  the  equation  for  turbulent  hydraulic  fluid  flow  through  a  sharp  edged  orifice,  the 
load  flow  is  given  by 
Qi  =  cdwxv 
Ps  -  sgn(x,  )P1 
(2.20) 
P 
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where  Cd  is  the  discharge  coefficient,  w  is  the  orifice  area  p  is  the  fluid  density,  and  xz7  is 
the  spool  displacement  of  the  valve  (cf.  Figure  2.9)  [Merritt,  1967].  The  signum  function 
sgn  is  defined  as 
sgn(xv)  =  IXvvl  (2.21) 
The  dynamic  properties  of  the  servo  valve  are  estimated  from  the  step  response,  as  taken 
from  the  data  sheet.  The  valve  is  approximated  by  the  first-order  transfer  function 
Gv(s)  _ 
X'(s) 
_1_1  I(s)  Tvs+1  0.003s+1' 
(2.22) 
where  X,  (s)  and  I  (s)  are  the  Laplace  transform  of  the  spool  displacement  and  the  driving 
current,  respectively. 
The  discharge  coefficient  and  the  orifice  area  are  unknown  quantities  but  they  can 
be  avoided  by  using  the  calculation  equation  for  a  servo  valve.  Combining  the  discharge 
coefficient,  the  orifice  area  and  the  fluid  density  into  one  unknown  coefficient  K,  (2.20) 
can  be  rewritten  as 
Qi  =  Kxv  Ps  -  sgn(x,  )Pi 
. 
(2.23) 
On  the  other  hand,  when  selecting  a  servo  valve,  (2.20)  can  be  approximated  by 
Ql  =  Qnl  Z  Pv  (2.24) 
rs 
with  Qni  the  "no  load"  flow,  i  the  driving  current,  it  the  rated  current  according  to  the 
servo  valve  data  sheet  (see  Appendix  A),  and  P,  the  pressure  drop  across  the  valve  [MOOG, 
Inc..  Assuming  the  return  pressure  is  zero,  (2.24)  can  be  written  as 
2  Ps  -  Pl 
Ql  =  Qnl 
Zr  Ps 
2.25 
The  "no  load"  flow  at  a  particular  supply  pressure  is  given  by 
Qnl  =  Qr 
Ps  [bar] 
70  [bar]  ' 
(2.26 
with  Qr  the  rated  flow  according  the  servo  valve  data  sheet  (see  Appendix  A).  There- 
fore,  assuming  the  pressure  in  (2.23)  is  given  in  bar,  the  unknown  coefficient  K  can  be 
approximated  as 
K= 
Qr 
k, 
70  [bar]  2r 
where  k  is  a  unit  conversion  factor  with  the  numerical  value  of  1. 
(2.27) 
Thus,  combining  (2.18),  (2.23),  and  (2.27),  the  flow  balance  equation  (2.18)  can  be 
written  as 
Pl  = 
40e  (-o  -  C't  pl  + 
Qr 
kxv  PS  -  sgn(xv)Pl  . 
(2.28) 
60Vt  O  70  [bar]  it 
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Equation  (2.28)  is  valid  for  the  pressure  given  in  bar.  Note  that  the  flow  is  usually  given 
in  1/min.  Therefore  the  factor  60  is  introduced  in  (2.28)  in  order  to  relate  the  differential 
equation  to  a  time  scale  in  seconds. 
Combining  (2.28)  with  (2.22),  the  state  space  model  of  the  pressure  servo  system 
(cf.  Figure  2.10)  can  be  written  as 
x=  Ax  +  Bu  (2.29) 
y=Cx,  (2.30) 
with 
A-  -a  ß  'Y  -  sgn(x2),  E 
0l  (2.31)  1,  B= 
(0) 
C=  (1.2 
J  p  -ö  b 
where 
ýx  = 
4,3e 
Ct  (2.32) 
60Vt 
,ß= 
We  Qr 
k  (2.33) 
60Vt  70  [bar]  Zr 
ry  =  PS  (2.34) 
6=  (2.35) 
Tv 
The  states  in  x  (2.29)  are 
xl 
X2 
with 
xl  =  actuator  pressure  differential 
x2  =  valve  spool  position. 
The  output  matrix  C  in  (2.30)  incorporates  the  pressure-moment-gain  of  the  actua- 
tor  (2.31).  Note,  the  feedback  from  the  load  em  is  considered  as  an  unknown  disturbance 
as  0  depends  on  the  load.  The  effect  of  this  term  is  discussed  later  in  this  chapter. 
The  bulk  modulus  depends  on  the  temperature  of  the  fluid  as  well  as  the  pressure  and 
decreases  rapidly  when  air  is  entrained  in  the  fluid.  A  conservative  value,  allowing  some 
air  entrainment  is  ße  =  104  bar  [Clark].  A  conservative  value  for  the  leakage  coefficient, 
is  Ct  =  0.05Qr/P,  s 
[Neal].  The  supply  pressure  is  adjusted  to  P,  =  90  bar.  T11  is  the  time 
constant  of  the  servo  valve  according  to  (2-22).  The  value  of  the  unit  conversion  factor  is 
k=1.  With  a  actuator  volume  of  V,  n  =  68  cm3  according  to  the  actuator  data  sheet  (see 
Appendix  A),  hoses  between  the  servo  valve  of  ca.  80  cm  length  each,  diameter  k",  the 
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total  volume  under  pressure,  including  a  reserve  for  the  servo  valve  and  the  manifold,  is 
V=0.1251. 
Figure  2.11  shows  a  simulation  of  an  open  loop  step  response  of  the  hydraulic  system 
described  by  (2.29)-(2.35).  The  very  high  moment  (or  pressure  gain)  for  low  input  current 
is  a  typical  characteristic  of  a  servo  valve. 
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Figure  2.11:  Simulation  of  an  open-loop  step  response  of  the  servo  valve-actuator  system 
described  by  (2.29)-(2.35)  for  different  operating  points  given  in  %  of  the 
rated  input  current  ir. 
2.3.5  Moment  Control  of  the  MRF 
The  rise-time  for  an  input  current  of  100%  it  is  ca.  6  ms  (cf.  Figure  2.11).  Therefore, 
the  controller  sampling  time  is  T,  8  =  1  ms.  The  resulting  processor  load  is  only  10% 
(CPU:  Pentium  III,  650  MHz).  This  leaves  a  considerable  margin  for  extensions  of  the 
overall  control  scheme.  The  literature  recommends  the  processor  load  not  to  exceed  30% 
in  real  time  applications  [Herrtwich  and  Hommel,  1994].  The  controller  gain  is  set  to 
KK  =  0.1  mA/Nm  (cf.  Figure  2.7).  This  value  was  tuned  by  "trial  &  error".  The  response 
is  reasonable  fast  but  without  extensive  oscillations.  The  moment  control  loops  for  both 
servo  valve-actuator  combination  (sagittal  and  frontal)  are  identical.  Experimental  data 
of  the  closed  loop  performance  are  shown  in  Figure  2.12. 
Clearly,  a  simple  proportional  control  action  results  in  a  static  control  error.  However, 
the  measured  moment  at  a  reference  signal  of  zero  is  not  due  to  an  offset  of  the  pressure 
transducers.  In  order  to  achieve  zero  moment,  control  action  is  needed  to  block  the  fluid 
flow  and  counteract  the  pressure  of  the  fluid.  It  is  the  static  error  of  this  control  action 
that  causes  the  measured  moment  at  zero  reference.  The  behaviour  of  the  servo  valve 
around  neutral  position  of  the  spool  is  particularly  critical.  The  static  error  at  a  low 
reference  moment  is  ca.  2  Nm-  However,  maintaining  balance  is  a  dynamic  process  even 
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Figure  2.12:  Experimental  data  of  the  closed-loop  step  response  of  the  moment  control 
loop  of  the  MRF  for  various  operating  points.  The  dotted  lines  indicate 
the  reference  signal.  The  step  response  was  measured  against  blocked  load. 
in  intact  subjects,  therefore,  a  control  error  would  be  present  even  if  integral  action  was 
employed. 
The  step  response  in  Figure  2.12  was  measured  against  blocked  load,  i.  e.  9=0 
(cf.  Figure  2.10).  However,  there  are  fundamental  limitations  on  moment  tracking  control 
by  hydraulic  systems  in  presence  of  a  moving  load  [Alleyne  and  Liu,  1999,2000].  From 
Figure  2.10  a  control-structure  interaction  can  be  identified.  The  actuator-load  interaction 
is  represented  in  Figure  2.13.  The  actuator  and  the  load  are  represented  by  their  transfer 
function  Ga(s)  and  Gi(s),  respectively.  The  load  velocity  occurs  in  an  internal  feedback 
loop.  The  feedback  transfer  function  H(s)  can  be  identified  as  B-  (cf.  Figure  2.10). 
feedback 
Figure  2.13:  Actuator-load  interaction.  There  is  an  internal  feedback  due  to  the  load 
velocity.  The  feedback  transfer  function  H(s)  can  be  identified  as  e  by 
comparison  with  Figure  2.10. 
Defining  the  actuator,  load,  and  feedback  transfer  function  in  terms  of  their  numerator 
and  denominator  polynomials  as  Na,  (s),  N1(s),  Nh(s),  and  Da(s),  Di(s),  Dh(s),  respec- 
tively,  and  the  transfer  function  from  the  flow,  to  the  pressure  GQlp(s)  can  be  written 
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GQlp(s)  _ 
P1  (s) 
Qi(s)  - 
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Na(s)Dl(s)Dh(s) 
Da(s)Dl(s)Dh(s)  +  Na,  (s)Nl(s)Nh(s)  .  (2.36) 
The  load  appears  in  the  feedback  path  and  equation  (2.36)  shows  that  the  poles  of  the 
load  manifest  themselves  as  the  zeros  of  the  flow-to-pressure  transfer  function  GQlP(s). 
The  meaning  of  zeros  as  the  frequencies  blocked  by  the  system  illustrates  that  moment 
tracking  control  is  inherently  limited  in  its  effectiveness.  Moreover,  these  zeros  can  not 
be  influenced  by  feedback  [Alleyne  and  Liu,  1999].  To  overcome  this  limitation,  nonlinear 
control  methods  have  been  proposed  in  the  literature  especially  focusing  on  the  force 
tracking  control  of  hydraulic  cylinders  [Alleyne  and  Liu,  2000].  However,  experimental 
practice  has  shown  that  a  simple  control  algorithm  proved  sufficient  [Matjacic  and  Bajd, 
1998b],  although  the  experimenter  should  be  aware  of  its  limitations. 
2.4  The  Generic  Control  Algorithm 
The  same  generic  control  approach  has  been  used  throughout  the  experiments  reported  in 
this  thesis.  The  open-loop  plant  is  represented  by  a  discrete-time  ARX-type  model  [Ljung, 
1999] 
y(k) 
B(q-1)q-dk 
A(q-1) 
1 
u(k)  +  0(q-i  A(q-i 
d(k) 
- 
(2.37) 
Here,  the  signal  u(k)  is  the  input  sequence  in  discrete  time,  y(k)  is  the  output  sequence 
while  d(k)  is  a  disturbance  term.  The  plant  transfer  function  on  which  the  control  design 
method  is  based  is  given  by 
Gp(q-1)  - 
B(q-1)q-dk 
A(q  ) 
(2.38) 
A(q-1)  and  B(q-1)  are  polynomials  in  the  delay  operator  q-1  as  follows: 
A(q-1)  =1+  alq-1+.  "" 
+  anaq-na  (2.39) 
B(q-1)  =  bo  +  b1q-1  +...  +  bnbq-nb  (2.40) 
The  delay  operator  is  defined  by 
9-if  (k)  =f  (k  -  1).  (2.41) 
The  integer  dk  >1  is  the  discrete  input-output  time  delay.  The  net  effect  of  disturbances 
is  represented  at  the  output  by  the  signal  d(k)  driving  the  filter 
1  (2.42) 
Q(q_11A(q_1)  . 
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The  polynomial  0(q-1)  will  be  defined,  depending  on  the  context,  as  either  0(q-1)  =1 
or  0(q-1)  =1-  q-1.  In  the  latter  case  the  output  disturbance  models  the  effect  of 
stepwise-changing  (piecewise  constant)  disturbances  and  offsets,  which  typically  result 
from  physiological  and  environmental  factors.  The  choice  of  0(q-1)  directly  determines 
whether  or  not  integral  action  should  be  included  in  the  controller  (see  below). 
The  controller  is  designed  following  a  polynomial  pole  assignment  approach  [Aström 
and  Wittenmark,  1997].  The  generic  control  structure  is  shown  in  Figure  2.14. 
-------------- 
controller 
T  (q  ) 
R1(4-1)  ß(q_ 
------------------------------------------------------- 
----------------------.  -.  d(k)  ..  -I  plant  i 
1 
0(Q-1)A(Q-1) 
d'(k) 
B(q-')4_dk 
1y(k)  A(4-1) 
y(k)  n  (k) 
Figure  2.14:  Generic  control  structure. 
The  feedback  sequence  y'(k)  includes  a  measurement  noise  n(k) 
y'(k)  =  y(k)  +  n(k)  . 
The  control  sequence  u(k)  is  determined  by 
u(k)  = 
1-1  (T  (q-1)r(k)  -  S(q 
R 
-1)  y'(k))  (4  ) 
(2.43) 
(2.44) 
with  R(q-1)  =  0(q-')R'(q-1).  The  polynomials  R'(q-1),  S(q-1)  and  T(q-1)  are  to  be 
determined  during  the  design  procedure.  The  controller  polynomial  0(q-1)  is  pre-defined 
as  either  A  (q-1)  =1  or  A  (q-1)  =  1-  q-1  depending  on  whether  integral  action  is  required. 
Combining  (2.37)  and  (2.44)  yields  the  closed-loop  equation 
y(k)  = 
where 
B(q-1)T(q-1)q-dk 
, Dci  (q-1)  r(k)  -ý 
Rl(q 
_1) 
d(k)  -  ODcl(q  ) 
B(q-1)S(q-1)q-dk 
n(k), 
, Dcl  (q-1) 
(cl(q-1)  =  A(q-')R(q-1)  +  B(q-1)S(q-1)q-dk 
is  the  closed-loop  characteristic  polynomial. 
(2.45) 
(2.46) 
For  the  purposes  of  analysis  the  sensitivity  function  S(q-'  ),  defined  as  the  transfer 
function  from  the  output  disturbance  d(k) 
=  d(k)/(0(q-1)A(q-1))  to  the  output  y(k), 
and  the  complementary  sensitivity  function  T(q-1),  defined  as  the  transfer  function  from 
the  measurement  noise  n(k)  to  the  output  y(k),  are  introduced  as 
s(q-1)  _ 
A(q-1)R(q-1) 
4D,  I(q-1) 
T(q-1)  _ 
B(q-')S(q-1)q-dk 
4Dd(q-1) 
(2.47) 
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In  analogy  to  the  state  space  approach  to  pole  assignment  the  desired  closed-loop  poly- 
nomial  -1),  i(q-1)  is  composed  of  two  parts,  the  polynomials  1),  (q-1)  and  4)0(q-1).  . 4ýc(q-') 
specifies  the  the  tracking  response  from  r(k)  to  y(k)  while  -1)0(q-1)  is  known  as  the  observer 
polynomial  and  has  further  influence  on  the  behaviour  of  the  feedback  system  [Aström  and 
Wittenmark,  1997].  Thus,  in  the  standard  formulation  of  pole  assignment  the  Diophantine 
equation 
A(q-')R(q-1)  +  B(q-1)S(q-1)4'-dk  =  4Dc(4'-1)4b0(4'-1)  (2.48) 
is  solved  for  R(q-1)  and  S(q-1). 
A  further  possibility,  however,  is  to  allow  for  cancellation  of  fast  or  oscillatory  plant 
poles.  This  is  known  as  a  notch  filter  design  since  these  modes  will  not  then  be  excited. 
The  plant  denominator  is  factored  as  A(q-1)  =  A+(q-1)A-(q-1),  where  A+  (q-')  includes 
the  poles  to  be  cancelled  by  the  controller.  In  order  to  cancel  poles  of  the  plant,  these 
poles  must  be  part  of  the  controller  polynomial  S(q-1)  =  A+(q-')S'(q-1).  Therefore,  the 
Diophantine  equation  (2.48)  becomes 
A+(q-1)A  (q-')R(q-1)  +  B(4-1)A+(4'-')S'(q-1)q-dk  =  (2.49) 
For  solvability  the  polynomial  A+  (q-1)  must  also  be  a  factor  of  the  right  hand  side 
of  (2.49).  Thus,  any  plant  poles  which  are  cancelled  will  become  poles  of  the  closed-loop 
system.  Writing  4Dci  (q-1)  =  A+  (q-')  (DC  (q-1)  4Do  (q-1)  the  Diophantine  equation  becomes 
A  (Q-')R(Q-1)  +  B(q-')S'(q  ')Q-dk 
= 
Vc(q-1)(1)o(q-1) 
. 
(2.50) 
The  structure  of  R(q-1)  is  determined  by  the  choice  of  the  polynomial  0(q-1)  in  the  noise 
model.  When  0(q-1)  =  1-  q-1,  i.  e.  stepwise  changing  constant  disturbances  are  present, 
then  integral  action  must  be  included  in  the  controller  to  achieve  zero  steady-state  tracking 
error.  Substituting  R(q-1)  =  0(q-')R'(q-1)  in  (2.50)  the  final  design  equation  becomes 
A  (4'-1)A(Q-')R'(q-1)  +  B(Q_l)SF(Q-')q  -dk  _  (Pc(Q-1)-lýo(Q-1) 
. 
(2.51) 
The  design  equation  is  solved  for  R'(q-1)  and  S'(q-1)  subject  to  the  condition 
s/(q-1) 
strictly  proper  (2.52) 
A_(q-')0(q-1) 
i.  e.  deg  (S'  (q-1))  <  deg  (A-  (q-1))  +  deg  (A  (q-1)) 
. 
If  the  plant  described  by  (2.37)  is 
completely  controllable  and  observable,  i.  e.  the  polynomials  A(q-1)  and  B(q-1)  have  no 
common  factor,  (2.52)  will  have  a  unique  solution  satisfying  condition  (2.52)  [Kucera, 
1979].  Condition  (2.52)  guarantees  a  solution  with  minimum  degree  of  S'  (q-1) 
. 
Finally,  the  polynomial  T(q-1)  has  to  be  designed  to  achieve  suitable  reference  tracking. 
From  (2.45)  the  transfer  function  Gyl,.  (q-1)  from  r(k)  to  y(k)  is  given  by 
Gy/rCq-1)  = 
B(g-')T(g-1)g-dk 
oPl  (Q-1) 
B(q-1)T(q-1)q-dk 
A+(q-1)(Dc(q-1)4ýo(q-1)  . 
(2.53) 
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In  order  to  avoid  excitation  by  the  reference  signal  of  system  modes  contained  in  the 
observer  polynomial  or  the  possibly  fast  or  oscillatory  modes  in  A+(q-1),  these 
two  factors  are  cancelled  by  appropriate  definition  of  T(q-1).  T(q-1)  must  also  ensure 
unity  steady-state  gain  in  Gy/r  (q-1)  and  is  therefore  defined  as 
T(q-1)  =  \,  A+(q-1)(Do(q-1) 
,  (2.54) 
where  the  scalar  A  is 
A  _ßc(1)  (2.55) 
B(1) 
Assuming  B  (I)  0,  this  results  in 
C'y/r(q-1) 
_ 
B(g-1)ßc(1)4-dk 
(2.56 
I)C(q  )B(1) 
The  polynomials  4DC(q-')  and  4D0(q-')  are  specified  by  choosing  rise-time  t,  and  damp- 
ing  factor  (  of  the  corresponding  polynomials  in  continuous  time 
8 
2+2(wns+w2, 
with 
wntr-f(0 
(2.57) 
(2.58) 
We  are  left  with  a  set  of  tuning  knobs  (tr, 
c,  (,  and  tr,  o,  (o)  with  a  well  defined  influence, 
where  tr,  c  is  the  rise-time  and  (  is  the  damping  factor  of  the  corresponding  tracking 
response  polynomial  in  continuous  time  and  tr,  o  is  the  rise-time  and  (  is  the  damping 
factor  of  the  corresponding  observer  polynomial  in  continuous  time  (cf.  Table  2.2). 
tracking  disturbance  noise 
speed  rejection  sensitivity 
tr,  c  slower  worse  better 
tr,  c  cc  I  faster  better  worse 
tr,  o  (o  T  no  change  worse  better 
tr,  o  (  J.  no  change  better  worse 
Table  2.1:  Influence  of  tuning  parameters  on  the  closed-loop  performance. 
The  controller  given  in  Figure  2.14  can  be  extended  as  shown  in  Figure  2.15. 
The  design  polynomials  oD',  (q-1)  and  (D0(q-1)  are  of  the  form 
4Dc(Q-1)  =  1+ýoc,  iq-1  + 
... 
+Wc, 
ncpcQ-nec 
4Do(Q1)  =  1+Wo,  1q1  +...  -ncpo  1  Oo,  ncp0Q 
(2.59) 
(2.60) 
28 Chapter  2:  Experimental  Apparatus 
... 
'  rý4 
) 
2.4.  The  Generic  Control  Algorithm 
II  v()  ý()  ýsc4-1) 
-bs(q-1)  -  R(q-1) 
S(q-1)  y  k) 
Figure  2.15:  Controller  structure  including  anti-windup  and  tracking  pre-filter.  When 
the  control  output  is  not  in  saturation  the  controller  in  Figure  2.15  has  the 
same  structure  as  in  Figure  2.14,  apart  from  the  pre-filter. 
The  controller  polynomials  in  Figure  2.15  are  of  the  following  form: 
R(q-1)  =  1+  r'1q  -1  +  ...  +r'nrq-nr  (2.61) 
S(q-1)  =  so+  slq  -1  +  ...  +snsq-ns  (2.62) 
T(q-1)  =  to+  tlq  -1  +  ...  +tntq-nt  (2.63) 
'Dr(q  1) 
=  1+yr,  1q 
1+"""  +(Pr, 
ncprq 
nv  (2.64) 
-4ýs(q-1)  =  1+y8,1q  -1  +  ...  +<ps,  nvsq-n`p,  s  " 
(2.65) 
The  zero  order  polynomial  coefficient  of  the  polynomials  R(q-1),  4D,.  (q-'),  and  (D3(q-1)  is 
equal  to  1.  These  polynomials  can  always  be  normalised  in  this  way. 
Continuing  integration  of  the  control  error  (if  integral  action  included)  while  the  con- 
troller  output  saturates  due  to  the  limited  output  range  of  any  real  actuator  could  cause 
instability.  Therefore  anti-windup  is  included  (cf.  Figure  2.15)  [Äström  and  Wittenmark, 
1997].  The  polynomial  4ý3  (q-1)  can  be  considered  as  a  saturation  observer.  The  refer- 
ence  sequence  r(k)  is  pre-filtered  in  order  to  decouple  the  properties  for  reference  tracking 
from  the  properties  for  disturbance  rejection  and  the  influence  of  measurement  noise.  The 
polynomial  V(  q-1)  is  otherwise  still  part  of  the  transfer  function  Gylr  (q-1)  (2.56)  as  well 
as  of  S(q-1)  and  T(q-1)  (2.47). 
The  numerator  of  the  pre-filter  cancels  the  remaining  part  of  the  characteristic  closed- 
loop  polynomial,  i.  e.  4D'  (q-1)  while  the  denominator  (Dr  (q-1)  specifies  the  desired  reference 
tracking  behavior.  The  constant  A,  ensures  a  steady-state  gain  of  1  for  reference  tracking 
Ar  _4b 
(1). 
(2.66) 
ßc(1) 
Taking  the  pre-filter  into  account,  the  transfer  function  for  reference  tracking  (2.56)  be- 
comes 
Gy/r(q-1)  _ 
B(Q-1)41ýr(l)q-dk 
-Iýr(Q-1)B(1) 
(2.67) 
The  polynomials  -4ýr  (q-1)  is  specified  by  choosing  rise-time  tr,  r  and  damping  factor  (,  of 
the  corresponding  polynomial  in  continuous  time. 
29 Chapter  2:  Experimental  Apparatus 
... 
2.4.  The  Generic  Control  Algorithm 
Taking  the  pre-filter  into  account  table  2.2  showing  the  influence  of  the  design  param- 
eters  can  be  extended  as  follows: 
tracking 
speed 
disturbance 
rejection 
noise 
sensitivity 
tr,  c  no  change  worse  better 
tr,  c  no  change  better  worse 
tr,  o  no  change  worse  better 
tr,  o  (o  no  change  better  worse 
tr, 
r  (r  T  faster  no  change  no  change 
tr, 
r  (r  slower  no  change  no  change 
Table  2.2:  Taking  the  pre-filter  into  account:  influence  of  tuning  parameters  on  the 
closed-loop  performance. 
The  control  design  procedure  can  be  summarised  as  follows: 
"  Given  data:  A(q-1),  B(q-1),  dk 
"  Choose  design  parameter  0(q-1);  tr, 
c, 
(,;  tr, 
o, 
(o;  tr, 
s, 
(s;  and  tr, 
T, 
cr, 
"  Step  1:  Compute  4DC(q-1)  from  tr,  c  and  (,;  and  -D0(q-1)  from  tr,  o  and  (o. 
"  Step  2:  Solve  the  Diophantine  equation 
A  (Q-1)A(Q-1)Rl(q-1)  +  B(Q-1)Sl(Q-1)q-dk  =  -lýC(q-1)-cDo(q-1) 
for  R'  (q-1)  and  S'  (q-1)  subject  to  the  condition 
deg(S'(q-1))  <  deg(A-(q-1))  +  deg(A(q-1)) 
"  Step  3:  Form  the  polynomial  R(q-1)  and  S(q-1)  as 
R(q1)  =  0(q-1)Rý(q-1) 
S(q1)  =  A+(q-1)Sý(q-1) 
"  Step  4:  Form  the  polynomial  T(q-1)  as 
T(q-1)  =  ýýA+(q-1)ýo(q-1) 
with 
Ac 
ßc(1) 
B(1) 
"  Step  5:  Compute  the  saturation  observer  polynomial  4D3(q-1)  from  tr,  s,  (s 
"  Step  6:  Compute  -1ýs(q-1)  -  R(q-1) 
"  Step  7:  Compute  the  pre-filter  denominator  1),  (q-1)  from  tr,  r  and  Cr 
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"  Step  8:  Form  the  pre-filter  numerator  polynomial  as 
Ar(Dc(q-1) 
with 
Ar  = 
4)r(1) 
4v(1) 
2.5  Scheduling  Strategy 
2.5.  Scheduling  Strategy 
The  previously  outlined  generic  design  procedure  is  employed  for  control  design  for  indi- 
vidual  muscle  groups  as  well  as  for  designing  standing  controllers  as  presented  later  in  this 
thesis. 
Let  us  assume  we  have  designed  different  controllers  for  agonist  and  antagonist  muscle 
groups  using  the  above  outlined  design  procedure.  Neglecting  the  pre-filter  for  the  moment, 
the  control  law  for  an  individual  muscle  group,  as  shown  in  Figure  2.15,  can  be  formulated 
as 
4ýs(q-1)v(k)  =  T(q-Duc(k)  -  S(q-1)y'(k)  +  (4)8(q-1) 
-  R(q-1))u(k) 
u(k)  =  sat(v(k)) 
Equations  (2.68)-(2.69)  can  be  rewritten  in  vector  form  as 
u(k)  =  sat  (OT1P) 
. 
The  parameter  vector  O  contains  the  coefficients  of  the  controller  polynomials: 
rl)  ... 
(Vs, 
max(ncps,  nr)  -  1'max(ncps,  nr))  1  so  81  ... 
Thus,  the  state  vector  is  defined  as 
(2.68) 
(2.69) 
(2.70) 
T 
sns  , 
tp  tl 
... 
tnt 
,  (Ps,  1  ...  cps,  nw., 
(2.71) 
T= 
(u(k 
-  1) 
...  u(k  -  max(ncps,  nr)),  -y(k)  -  y(k  -  1) 
... 
...  -  y(k  -  ns),  u,  (k)  u,  (k  -  1) 
... 
T 
u,  (k  -  nt),  v(k  -  1) 
...  v(k  -  ncps)  . 
(2.72) 
If  a  pre-filter  is  employed,  the  value  uc(k)  is  determined  by 
uc(k)  _  ETr. 
The  parameter  vector  E  is  of  the  form 
r-,  Wr,  ncp,.  ) 
Ar  Xr(Pc, 
1 
(2.73) 
T 
(2.74) 
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T 
I'  = 
(u(k 
-  1) 
...  u,  (k  -  ncpr),  r(k)  r(k  -  1) 
...  r(k  -  nyc)  (2.75) 
The  scheduling  strategy  is  shown  in  Figure.  2.16  and  can  be  described  as  follows: 
i_.  _.  _.  _.  _.  _.  _.  _.  _.  _.  _.  _.  _.  -.  _.  _.  _.  _  .  _.  _.  _.  -.  _.  -.  -.  _.  _.  _.  _.  _.  _.  _.  _.  _.  _.  _.  -.  _.  _.  _  .  _.  _.  _.  _.  _.  ý 
pre-filter  IF 
i, 
if  v(k  -  1)  =  +1  Wago  v(k  -  1)  u,  (k) 
if  v(k  -  1)  =  -1  '  ýantago  ii 
ii 
ý. 
_.  .  _.  _.  _.  _.  _.  _.  _.  _.  _.  _.  _.  _.  _.  _.  _.  _.  -.  _.  _.  _.  _.  _.  _.  _.  _.  _.  _.  _.  -.  _.  -.  _.  _.  _.  _.  _.  _.  _.  _.  _.  _.  _.  .  _.: 
controller 
4 
if  v(lý  -  1)  =  +1  Oago  O  (k  -1)  v()  70-  2ý'()  0-10.  P,  if  v(k  -  1)  =  -1  O  antago 
v(k  -  1) 
-u(k 
i-  -"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-  ---"-"-  ----------  -"-"---"-"-  ----  -ý 
scheduler 
v(k)  +1  if  u(k)  >0V  u(k)  =0A  v(k  -  1)  _  -1  q1 
-1  if  u(k)  <0V  u(k)  =0A  v(k  -  1)  _  +1 
. -.  -.  -.  -.  -"-"-------"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"---"-"-"-"---.  -.  -. 
Figure  2.16:  Complete  structure  of  the  controller  with  common  states  and  the  scheduling 
strategy  for  control  of  agonist/antagonist  muscles. 
Designing  a  controller  individually  for  the  agonist  and  antagonist  muscles  results  in 
different  parameter  vectors  Oago  and  Oantago  and,  if  a  pre-filter  is  considered  Eago  and 
üantago,  respectively.  Thus,  there  is  a  suitable  switching  strategy  required  between  the 
two  parameter  vectors.  In  order  to  avoid  excessive  oscillations  when  switching,  agonist 
and  antagonist  controllers  have  a  common  state  vector  [  or  IF,  respectively.  The  common 
state  vector  also  results  in  a  single  control  signal  u(k)  which  provides  a  unique  criterion  for 
switching  between  the  different  muscle  groups.  Depending  on  the  sign  of  the  control  signal 
u(k),  either  the  agonist  or  antagonist  muscle  group  will  be  stimulated  (cf.  Figure  2.17). 
u(k) 
if  u(k)  >0  Uago  (k) 
ý 
_1 
ýantago(ý) 
if  u(k)  <0 
Figure  2.17:  Switching  strategy  between  agonist  /antagonist  muscles. 
On  the  other  hand,  the  common  control  signal  u(k)  is  used  as  the  scheduling  variable 
in  an  internal  feedback  loop.  In  the  partial  system  labelled  as  "scheduler"  in  Figure  2.16  a 
decision  is  made  whether  to  switch  between  the  controllers  or  not.  The  block  labelled  "q-1" 
is  a  unit  step  time  delay  introduced  in  order  to  keep  the  control  law  causal.  Depending  on 
32 Chapter  2:  Experimental  Apparatus 
...  2.5.  Scheduling  Strategy 
the  value  of  the  delayed  indicator  signal  v(k  -  1),  which  is  either  +1  or  -1,  it  is  decided 
whether  the  parameter  vectors  6a,  go 
(pre-filter)  and  ®ago  (controller)  will  be  selected  to 
calculate  the  preliminary  control  signal  v(k). 
This  preliminary  non-saturated  control  signal  v(k)  is  limited  between  the  maximum 
output  and  zero.  Due  to  physiological  circumstances,  only  non-negative  values  of  the 
control  signal  are  reasonable.  A  negative  value  of  the  control  signal  would  indicate  that 
the  controllers  need  to  be  switched. 
In  order  to  respond  to  this  situation  as  quickly  as  possible  it  is  necessary  that  the 
saturation  observer  4%(q-1)  (2.65)  is  as  fast  as  possible.  Therefore,  we  set  4%(q-1)  =  1. 
In  this  case  4%(q-1)  can  be  interpreted  as  a  dead-beat  observer.  If  4),  (q-')  =1  the 
parameter  vector  O  in  (2.70)  can  be  simplified  to 
T 
=  rl  ...  Tnr,  80  81  ...  Sns,  to  ti 
... 
tnt  (2.76) 
Thus,  the  state  vector  is  defined  as 
T= 
(u(k 
-  1) 
...  u(k  -  nr),  -y(k)  -  y(k  -  1) 
... 
T 
-  y(k  -  ns),  u,  (k)  u,  (k  -  1) 
...  u,  (k  -  nt)  . 
(2.77) 
Finally,  in  order  to  achieve  a  control  output  with  alternating  sign  as  assumed  above  the 
saturated  output  u'(1c)  is  multiplied  by  the  indicator  signal  v(k  -  1).  This  results  in 
a  control  signal  u(k)  which  is  positive  when  the  agonist  muscles  should  be  stimulated 
and  negative  when  the  antagonist  muscles  should  be  stimulated.  However,  since  only 
non-negative  values  are  reasonable  for  physiological  reasons,  the  control  signal  for  the 
antagonist  muscle  has  to  be  multiplied  by  -1  after  switching  (cf.  Figure  2.17). 
The  proposed  scheduling  strategy  is  similar  to  gain  scheduling  approaches  [Rugh  and 
Shamma,  2000].  However,  stability  issues  are  more  related  to  switching  systems.  It  is 
generally  difficult  to  prove  global  stability  for  switching  systems.  Switching  systems  can 
become  unstable  due  to  switching  even  when  all  subsystems  are  stable.  On  the  other 
hand,  it  is  possible  to  globally  stabilise  a  system  consisting  of  unstable  subsystems  by  a 
suitable  switching  law  [Liberzon  and  Morse,  1999].  With  the  proposed  scheduling  strategy, 
possible  unstable  subsystems  (cross  combinations  of  controller  and  plant)  are  practically 
excluded  by  the  saturation  function.  Instability  due  to  switching  between  asymptotically 
stable  subsystems  is  limited,  however,  in  that  the  states  of  these  systems  cannot  escape  to 
infinity  in  finite  time  [Liberzon  and  Morse,  1999].  Simulations  have  given  confidence  that 
the  overall  control  systems  remains  globally  stable  in  practical  situations. 
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2.6  Software 
All  experimental  procedures  reported  in  this  thesis  are  based  on  MATLAB/SIMULINK®. 
For  all  experiments,  data  acquisition  and  real-time  control  of  muscle  stimulation  are  done 
using  the  Real-time  toolbox  by  Humusoft®.  The  Polynomial  toolbox  by  Polyx®  was 
employed  for  the  controller  design.  Real-time  control  of  the  MRF  is  done  using  the  xPC- 
Target  for  MATLAB/SIMULINK. 
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3.1  Summary 
Aim:  The  work  presented  in  this  chapter  aimed  to  investigate  the  feasibility  of  standing 
in  paraplegia  without  any  arm  support.  The  work  sought  to  validate  and  improve  the 
results  of  Hunt  et  al.  [1997]  and  Munih  et  al.  [1997]. 
Methods:  The  work  was  carried  out  using  the  Wobbler  apparatus  described  in  sec- 
tion  2.2.  A  cascaded  control  structure  was  employed  to  decouple  the  nonlinear  properties 
of  the  artificially  stimulated  muscle  from  the  task  of  stabilising  the  body.  The  muscle 
moment  is  controlled  in  an  inner  loop  while  the  body  angle  of  inclination  in  controlled  in 
the  outer  loop.  A  pole  assignment  approach  was  utilised  for  both  control  loops.  A  number 
of  design  options  were  investigated  in  experiments  with  an  intact  subject.  Once  these  were 
found  experiments  with  a  paraplegic  subject  were  carried  out. 
Results:  Results  with  the  intact  subject  showed  that  neglecting  the  inner  loop  dynamics 
in  the  design  of  the  outer  loop  can  result  in  instability  of  the  overall  system  when  the  inner 
loop  becomes  slow  due  to  muscle  fatigue.  Results  with  the  paraplegic  subject  showed  that 
unsupported  standing  is  possible  for  several  minutes. 
Conclusion:  We  conclude  that  the  most  suitable  design  options  are  (i)  no  integral  action 
in  the  inner  loop,  (ii)  inclusion  of  the  inner  loop  dynamics  in  the  design  of  the  outer  loop, 
(iii)  employing  a  notch  filter  approach  for  the  outer  loop.  Muscle  fatigue  and  general 
weakness  remain  the  main  limiting  factors  for  unsupported  standing  in  paraplegia. 
Contribution:  The  author's  contribution  to  this  study  consists  of  the  development  and 
implementation  of  the  experimental  software.  Furthermore,  the  author  was  involved  in  the 
execution  of  the  experiments  and  in  the  analysis  and  interpretation  of  the  results.  This 
work  is  published  in  Hunt  et  al.  [2000a]  and  Gollee  et  al.  [2001]. 
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3.2  Motivation 
This  study  was  mainly  motivated  by  the  early  work  of  Donaldson  [Donaldson,  1993;  Don- 
aldson  et  al.,  1996]. 
Early  approaches  towards  the  restoration  of  standing  were  based  on  open-loop  stim- 
ulation  [Kralj  and  Bajd,  1989].  Since  the  erect  human  body  is  inherently  unstable  the 
subject  has  to  use  his/her  arms  for  stabilisation  while  open-loop  stimulation  is  being  used 
for  standing.  Supporting  the  upper  body  with  the  arms  to  provide  stability  generates  a 
closed  kinematic  chain  and  the  stabilising  moment  is  provided  by  the  arms.  However,  this 
limits  the  functional  potential  of  this  approach.  In  order  to  free  the  subject's  arms  to 
perform  functional  tasks  while  standing,  a  stabilising  moment  has  to  be  applied  at  the 
ankle  joint.  Jaeger  was  the  first  to  investigate  feedback  control  for  paraplegic  standing 
in  simulations  [Jaeger,  1986].  He  modelled  the  body  as  a  single-link  inverted  pendulum 
with  an  ideal  ankle  joint  (i.  e.  without  a  static  stiffness  and  viscosity  in  the  ankle  joint) 
which  is  preceded  by  a  model  of  the  muscle  dynamics.  He  attempted  to  stabilise  this 
configuration  with  a  standard  PID-controller.  However,  despite  a  number  of  further  sim- 
plifications  (controller  in  continuous  time,  ideal  differential  part),  he  was  forced  to  conjure 
up  a  stabilising  zero  to  succeed.  This  zero  could  be  interpreted  as  the  transfer  function  of 
the  sensor.  However,  what  this  effectively  means  is  that  the  body  cannot  be  stabilised  by 
a  PID-controller  if  only  angle  feedback  is  available. 
Donaldson  suggested  a  cascaded  control  structure,  consisting  of  an  inner  feedback  loop 
controlling  the  muscle  moment  and  an  outer  loop  controlling  the  angle  of  the  body  which 
was  represented  again  by  a  single-link  inverted  pendulum  [Donaldson,  1993].  Since  the 
muscle  dynamics  are  of  significantly  higher  bandwidth  than  the  body  dynamics,  this  was 
done  in  order  to  decouple  the  non-linear  muscle  properties  from  the  issue  of  controlling  the 
body  angle  of  inclination.  He  suggested  PD-control  to  stabilise  this  configuration  showing 
simulations  in  continuous  time  using  an  ideal  PD-controller.  However,  analysing  a  more  re- 
alistic  approach  to  PD-control  shows  that  this  strategy  is  not  likely  to  succeed.  Donaldson 
used  the  following  model  to  describe  the  body  as  a  single-link  inverted  pendulum: 
Gb(s) 
s20-09181 
(3.1) 
Figure  3.1  shows  that  the  inverted  pendulum  model  is  unstable  as  it  possesses  one pole  in 
the  right-hand  half  of  the  complex  s-plane. 
Control  systems  are  usually  realised  in  discrete  time  with  the  control  algorithm  im- 
plemented  on  a  computer  platform.  Therefore,  the  stability  shall  be  analysed  in  discrete 
time.  A  discrete  time  representation  of  (3.1)  is  given  by 
Gb(z)  _ 
8.38  "  10-6(z2  +  2z  +  1)  (3.2) 
z2-2.023z+1 
assuming  a  sampling  time  of  50  ms.  The  pole-zero  configuration  of  (3.2)  is  shown  in 
Figure  3.2. 
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3.2.  Motivation 
Figure  3.1:  Pole  configuration  of  the  inverted  pendulum  model  of  the  body  follow- 
ing  (3.1). 
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Figure  3.2:  Pole-zero  configuration  of  the  inverted  pendulum  model  (3.2).  Note,  there 
is  a  double  zero  at  zb12  =  -1  (cf.  (3.2)). 
Furthermore,  we  assume  that  the  muscle  dynamics  are  described  by  the  following 
transfer  function  in  discrete  time: 
_ 
0.30252  (3.3)  Gmýzý 
z2  -  0.9z  +  0.2025  ' 
With  regard  to  the  cascaded  control  structure  proposed  by  Donaldson,  equation  (3.3) 
can  be  interpreted  as  a  description  of  the  closed-loop  tracking  response  for  the  muscle 
moment  corresponding  to  a  rise  time  of  tr,  m  =  0.2  s  with  critical  damping.  The  pole-zero 
configuration  of  the  overall  system  to  be  stabilised,  Gp(z)  =  Gm(z)Gb(z),  is  shown  in 
Figure  3.3. 
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3.2.  Motivation 
Figure  3.3:  Pole-zero  configuration  of  the  overall  system  to  be  stabilised,  Gp(z)  = 
Gm(z)Gb(z).  The  muscle  dynamics  are  represented  by  a  double  pole  at 
zm1,2  =  0.45  and  a  zero  at  z  ;,  =0  which  represents  the  computational  time 
delay. 
A  realisable  representation  of  a  PD-controller  in  discrete  time  is 
CPD(Z)=K  (3.4) 
With  b=0.85  and  K  as  a  tunable  parameter  we  obtain  the  root  locus  of  Figure  3.4  for 
the  feedback  system  G,  i  (z) 
G,  l  (z)  = 
CpD(Z)  G,  (Z)  Gb(Z) 
1+  CpD(Z)Gm(Z)Gb(Z)  .  (3.5) 
Figure  3.4  shows  that,  theoretically,  the  system  can  be  stabilised  with  a  PD-controller. 
Figure  3.5  shows  the  normalised  step  response  of  the  corresponding  closed-loop  system 
for  a  controller  gain  of  K=  5200,  which  correspond  to  a  closed-loop  system  with  critical 
damping. 
However,  let  us  consider  the  Bode  plot  of  the  open-loop  system  for  further  analysis. 
The  bode  plot  is  shown  for  K=  5200  in  Figure  3.6. 
The  phase  margin  indicated  by  the  vertical  line  is  very  small  (9°).  The  phase  margin 
describes  the  robustness  of  the  closed-loop  system  against  an  additional  time  delay.  The 
overall  closed-loop  system  becomes  unstable  if,  for  example,  the  rise  time  of  the  moment 
loop  increases  to  0.4  s.  This  can  happen  when  high  stimulation  levels  are  required  by  the 
controller.  Then  more  and  more  slower  motor  units  will  be  recruited,  which  will  result  in 
a  slower  closed-loop  response  of  the  muscle  loop.  Fatigue  and  saturation  of  the  control 
signal  will  further  deteriorate  the  situation.  Therefore,  in  practice,  a  PD-strategy  is  likely 
to  fail. 
A  full  dynamic  control  approach  was  developed  and  experimentally  evaluated  by  Hunt 
et  al.  [1997]  and  Munih  et  al.  [1997].  The  study  was  intended  as  a  feasibility  study  in  order 
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Figure  3.4:  Root  locus  of  (3.5)  depending  on  the  controller  gain  K.  The  arrows  indicate 
the  evolution  of  the  poles  of  (3.5)  with  increasing  K. 
1 
0.9 
a) m 
0.5 
0 
0.1 
0 
3.2.  Motivation 
complex  z-plane 
0  0.5  1 
real  axis 
(a)  Total  root  locus.  (b)  Root  locus.  Detailed  view  of  (a). 
012345 
time  [s] 
Figure  3.5:  Normalised  step  response  of  the  closed-loop  system  with  a  controller  gain  of 
K=  5200. 
to  investigate  whether  paraplegic  standing  is  possible  by  artificially  stimulating  the  calf 
muscles  to  produce  the  stabilising  torque  at  the  ankle  joint  and  in  order  to  investigate  the 
fundamental  limitations  of  FES  induced  paraplegic  standing  when  external  inputs  from  the 
CNS  were  excluded.  They  used  the  same  single-link  inverted  pendulum  configuration  as 
Jaeger  and  Donaldson  which  was  realised  experimentally  by  a  custom-made  body-brace 
attached  to  the  subject's  back  in  such  a  way  that  all  joints  above  the  ankle  joint  were 
fixed.  Independent  measurement  of  the  left  and  right  ankle  moment  as  well  as  the  angle 
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Figure  3.6:  Bode  plot  of  the  open-loop  system  Gol  (z)  =  CPD  (z)Gm  (z)Gb  (z)  for  a  con- 
troller  gain  of  K=  5200.  The  vertical  line  marks  the  phase  margin.  The 
dashed  line  shows  the  phase  plot  for  a  rise  time  of  the  muscle  loop  of 
tr,  m,  =  0.4  s. 
of  inclination  of  the  body  allowed  a  cascade  control  structure  regulating  the  left  and  right 
ankle  moment  in  an  inner  control  loop  and  the  angle  of  inclination  in  an  outer  control 
loop  using  a  multi-rate  sampling  strategy.  Since  the  muscle  dynamics  are  of  significantly 
higher  bandwidth  than  the  body  dynamics,  this  was  done  in  order  to  decouple  the  non- 
linear  muscle  properties  from  the  issue  of  controlling  the  body's  angle  of  inclination.  The 
angle  controller  provided  a  reference  moment  which  was  equally  divided  between  the  left 
and  right  legs.  An  LQG  approach  was  employed  for  the  controller  design  of  both  the 
moment  control  loop  and  angle  control  loop.  The  calf  muscles  were  assumed  to  contract 
under  quasi-isometric  conditions  while  standing.  Following  the  Hammerstein  hypothesis, 
the  muscle  dynamics  were  modelled  as  a  static  non-linearity  followed  by  second  order 
dynamics,  and  both  were  experimentally  identified.  The  static  non-linearity  was  cancelled 
in  the  inner  control  loop.  During  the  experiment  the  subject  was  leaning  forward  slightly 
and  only  plantarflexor  stimulation  was  applied  because  these  muscles  are  significantly 
stronger  than  the  dorsiflexor  muscles.  This  would  also  avoid  any  non-linear  properties 
around  the  neutral  position  caused  by  the  necessary  switching  of  the  stimulation  between 
both  muscle  groups. 
Experiments  were  carried  out  with  one  intact  43  year  old  subject,  and  one  35  year 
old  paraplegic  subject  with  a  complete  T5  lesion,  13  years  post  injury.  They  found  that 
while  an  intact  subject  was  able  to  stand  for  a  considerable  time,  results  for  the  paraplegic 
subject  were  dominated  by  the  effects  of  muscle  weakness,  fatigue  and  spasticity.  Standing 
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was  limited  to  around  10  -  20  s.  Furthermore,  the  results  revealed  a  strong  asymmetry 
between  the  left  and  right  legs  of  the  paraplegic  subject,  less  stable  responses  with  a 
tendency  to  oscillate  and  a  rapid  saturation  of  the  stimulation  signal. 
The  study  presented  in  this  chapter  aims  for  validation  and  improvement  of  the  re- 
sults  from  [Hunt  et  al.,  1997;  Munih  et  al.,  1997],  further  development  of  the  approach 
presented  above  and  to  deepen  the  insight  of  the  effects  of  different  design  decisions.  Sev- 
eral  important  changes  in  the  control  design  method  have  been  made  which  resulted  in 
considerably  prolonged  periods  of  standing  in  paraplegic  subjects.  The  key  design  changes 
can  be  summarised  as  follows: 
"  Pole  assignment  design  is  employed  instead  of  LQG.  The  observer  and  control 
poles  of  the  desired  closed-loop  response  were  specified  indirectly  within  the  time 
domain  via  rise-time  and  damping  of  an  equivalent  continuous-time  linear  second- 
order  transfer  function.  The  advantage  of  a  pole  assignment  approach  is  that  the 
nominal  closed-loop  response  does  not  depend  on  the  nominal  plant  model  whereas 
in  LQG  the  closed-loop  response  is  a  function  of  the  plant  model.  This  is  important 
because  the  dynamics  of  the  artificially  stimulated  muscle  may  significantly  differ 
between  individuals. 
"  The  inner  moment  control  loop  is  considered  a  SISO  system.  This  means  that 
the  same  stimulation  signal  is  applied  to  the  left  and  right  legs.  The  feedback  signal  is 
the  accumulated  total  ankle  moment.  Previously,  separate  controllers  were  designed 
for  the  left  and  right  moments,  and  the  legs  were  individually  stimulated.  The 
total  reference  moment  was  equally  divided  between  both  sides.  The  new  approach 
deals  with  the  left/right  asymmetry  observable  in  paraplegic  subjects.  The  presence 
of  that  asymmetry  means  it  is  not  reasonable  to  demand  the  same  moment  from 
both  sides.  The  total  moment  is  balanced  between  both  legs  in  a  natural  manner, 
depending  on  the  ability  of  each  leg  to  deliver  force  for  a  given  stimulation  level. 
"  The  moment  control  loop  is  now  designed  without  integral  action  which  means 
that  a  higher  bandwidth  can  be  achieved  for  this  loop. 
"  The  closed-loop  characteristics  of  the  inner  moment  loop  are  now  treated  as  part 
of  the  plant  for  the  outer  angle  loop  design.  It  is  shown  that  this  allows 
achievement  of  stability  even  when  the  inner  loop  is  relatively  slow.  Previously, 
the  inner  loop  was  neglected  under  the  assumption  that  it  is  of  a  relatively  high 
bandwidth.  Often,  however,  the  muscle  loop  can  become  slow  (due,  for  example,  to 
fatigue  or  general  muscle  weakness)  resulting  in  system  instability. 
"A  new  notch  filter  design  approach  for  the  outer  loop  is  implemented.  The  inner 
loop  is  relatively  fast  compared  to  the  outer  loop,  and  having  a  notch  filter  design 
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can  avoid  certain  problems  of  numerical  and  measurement  noise  sensitivity  in  the 
design  by  cancellation  of  the  inner  closed-loop  poles  which  could  otherwise  be  excited 
to  oscillation  and  cause  instability. 
These  various  design  options  provided  considerable  flexibility  and  the  effect  of  the  individ- 
ual  design  choices  could  be  evaluated  experimentally.  The  aim  was  to  have  a  set  of  design 
parameters  with  a  clear  physical  interpretation.  This  is  important  because  use  of  the  con- 
trol  system  in  the  rehabilitation  laboratory  involves  people  who  do  not  necessarily  have 
expertise  in  control  engineering  (e.  g.  bioengineers,  clinicians  and  physiotherapists).  This 
is  also  important  because  system  identification  and  control  design  must  be  done  during 
experimental  sessions  while  the  subject  is  standing  in  the  apparatus  -  the  design 
procedure  must  therefore  be  carried  out  quickly. 
3.3  Experimental  Setup 
The  experimental  apparatus  used  in  this  experiment  has  been  described  in  section  2.2.  The 
subject  is  assumed  to  be  a  single-link  inverted  pendulum.  This  configuration  is  secured 
by  a  custom  made  body  shell  attached  to  the  subject's  back  which  allows  movement  only 
around  the  ankle  joint  (cf.  Figure  2.1  on  page  11).  During  the  standing  experiment,  the 
subject  was  leaning  slightly  forward  in  order  to  avoid  the  non-linearity  around  the  neutral 
position  and  the  plantarflexor  muscles  are  stimulated  to  generate  the  stabilising  moment 
for  the  body. 
0 
Figure  3.7:  Experimental  control  structure.  0  is  the  inclination  angle  of  the  body,  mtot 
is  the  total  ankle  moment,  0'  is  the  pulsewidth  of  stimulation.  Co  is  the 
angle  controller  and  Cm,  is  the  moment  controller.  Desired  values  for  the 
inclination  angle  and  ankle  moment  are  Ore  f  and  mTe  f,  respectively. 
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A  cascaded  control  structure  has  been  employed  in  order  to  de-couple  the  non-linear 
properties  of  the  muscle  from  the  task  of  body  angle  control  (cf.  Figure  3.7).  A  reference 
angle  for  the  body  9re  f  is  specified  by  the  experimenter.  The  angle  of  inclination  of  the 
body  0  is  measured  and  controlled  by  the  angle  controller  Co.  The  angle  controller  provides 
a  reference  moment  mre  f  for  the  moment  controller  Cam,,.  The  moment  controller  calculates 
the  pulsewidth  of  the  stimulation  signal  uPw. 
3.3.1  Ankle  Moment  Control 
The  left  and  right  legs  are  lumped  together  into  a  SISO-system.  The  same  stimulation 
signal  is  applied  to  both  legs  and  the  total  moment  is  measured  and  available  for  feedback 
(cf.  Figure  3.8). 
muscle  as  SISO-system 
li 
left  leg  m 
upw  urtot 
right  leg 
m' 
Figure  3.8:  Left  and  right  legs  are  considered  as  a  SISO  system.  Common  stimulation 
pulsewidth  uP'  is  applied  to  both  sides,  resulting  in  left  and  right  moments 
ml  and  mr.  The  total  moment  is  then  urtot  =  ml  +  mr" 
A  dynamic  model  of  the  muscle  is  identified  between  the  stimulation  signal  up''  and 
the  total  moment  of  left  and  right  legs  mtot"  The  muscles  are  stimulated  by  a  PRBS 
signal  and  the  total  moment  is  measured.  An  ARX-type  model  is  estimated  from  the 
input/output  data  using  the  least  square  criterion.  The  identification  procedure  provides 
the  polynomials  A(q-1)  and  B(q-1).  Typically,  the  muscle  dynamics  are  stable  and  of 
second  order  with  no  zeros  and,  using  a  sampling  time  of  50  ms,  a  unit  step  input/output 
time  delay. 
The  generic  control  design  procedure  of  section  2.4  is  then  applied  to  the  muscle  model, 
subject  to  the  following  definitions: 
"  The  controlled  output  y(k)  is  the  total  moment  mtot(k). 
"  The  control  signal  u(k)  is  the  simulation  pulsewidth  uP'(k). 
"  The  reference  signal  r  (k)  is  the  desired  total  moment  rnre  f  (k). 
Experimental  results  are  shown  below  with  and  without  integral  action,  i.  e.  for  0(q-1)  =1 
and  A  (q-1)  =  1-  q-1.  The  notch  filter  design  option  has  not  been  employed  for  moment 
control,  i.  e.  A+(q-1)  =  1.  No  pre-filter  for  reference  tracking  is  employed. 
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3.3.2  Body  Angle  Control 
3.3.  Experimental  Setup 
A  model  of  the  body  dynamics  is  gained  by  approximating  it  as  an  ideal  single-link  in- 
verted  pendulum  with  an  ideal  joint.  Thus,  terms  of  stiffness  and  damping  are  neglected 
(cf.  Figure  3.9).  The  biomechanical  system  can  be  described  using  the  equation  of  motion 
mtot  -  in-  gl  sin  e=  -Jd2ý  dt, 
(3.6) 
where  J  is  the  moment  of  inertia.  For  small  angles  we  can  approximate  sin  6  ti  0,  and  the 
linearised  transfer  function  of  the  body  dynamics  Gb(s)  becomes 
Gbýs) 
Mtot(s)  82 
(3.7) 
where  s  is  the  complex  variable  of  the  Laplace  transformation  and  capitals  indicate  trans- 
formed  signals.  The  biomechanical  parameters  rn,  J,  and  l  are  estimated  following  Winter 
[1990]. 
9 
Figure  3.9:  Biomechanical  system  approximated  by  an  ideal  single-link  inverted  pendu- 
lum.  CoM  is  the  Center  of  Mass.  rn  is  the  body  mass  and  mgl  sin  0  is  the 
moment  acting  around  the  joint  caused  by  gravity.  0  is  the  angle  of  inclina- 
tion  measured  from  the  vertical  axis,  1  is  the  distance  of  the  CoM  from  the 
joint  of  rotation  and  mtot  is  the  stabilising  moment. 
The  transfer  function  (3.7)  in  continuous  time  is  transformed  into  discrete  time  and 
represented  in  the  delay  operator  q-1  for  control  design.  The  application  of  the  generic 
control  design  procedure  of  section  2.4  is  subject  to  the  following  definitions: 
"  The  controlled  output  y(k)  is  the  angle  9(k). 
.  The  control  signal  u(k)  is  the  desired  moment  moment  mre  f  (k)  for  the  inner  loop. 
"  The  reference  signal  r(k)  is  the  desired  angle  eref 
(k). 
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There  are  two  options  which  have  been  followed  to  determine  the  plant  for  the  angle 
controller  (the  transfer  function  from  mre  f(k)  to  0(k)): 
1.  The  first  option  is  to  neglect  the  dynamics  of  the  ankle  moment  loop,  and  base 
the  design  only  on  the  biomechanical  model.  Using  this  option  can  be  justified  by 
the  relatively  high  bandwidth  of  the  inner  moment  control  loop.  In  this  case  the 
closed-loop  transfer  function  of  the  inner  loop  Gylr  (according  to  equation  (2.56)  on 
page  28)  from  the  reference  moment  to  the  controlled  moment  is  assumed  to  be  1 
and  the  design  plant  Gp(q-1)  = 
B(q  dk  in  equation  (2.38)  on  page  25  is  obtained 
simply  by  discretising  the  body  dynamics  of  equation  (3.7). 
2.  The  second  option  is  to  take  the  inner  loop  dynamics  into  account  for  the  design 
plant.  In  this  case  the  plant  Gp  (q-1)  =B  Ä(Q)q)  dk  is  obtained  by  cascading  the 
discrete  time  body  dynamics  of  equation  (3.7)  with  the  nominal  closed-loop  dynamics 
of  the  inner  loop  given  by  equation  (2.56).  This  approach  assumes  that  both  loops  are 
operated  at  the  same  sampling  time.  Alternatively,  a  multirate  sampling  approach 
can  be  employed.  This  requires  transformation  of  the  closed-loop  dynamics  of  the 
inner  loop  (2.56)  into  continuous  time,  cascading  it  with  the  body  dynamics  of  (3.7) 
in  continuous  time  and  transforming  the  cascaded  model  back  into  discrete  time  with 
the  sampling  time  at  which  the  outer  loop  is  operated.  However,  in  the  experiments 
reported  in  this  thesis,  both  loops  are  operated  at  the  same  sampling  frequency  of 
20  Hz. 
Results  for  both  options  are  reported  in  this  chapter.  Regarding  the  further  design  option 
established  in  section  2.4,  the  angle  controller  is  always  designed  to  have  integral  action, 
i.  e.  0(q-1)  =  1-  q-1.  When  the  moment  loop  is  included  into  the  angle  controller  design 
plant,  i.  e.  option  2  is  chosen,  then  a  notch  filter  design  is  usually  adopted  for  the  angle 
controller.  However,  experimental  results  are  reported  for  tests  with  and  without  notch 
filter  design.  When  used,  the  purpose  of  the  notch  filter  design  is  to  cancel  the  relatively 
fast  dynamics  of  the  moment  loop.  In  this  case  we  set  A+  (q-1)  =  4)/moment  (q-1),  where 
4)moment(q-1)  is  the  closed-loop  design  polynomial  4D'(q-1)  as  specified  for  the  moment 
loop.  Then,  A-  (q-1)  =  Abody  (q-1),  where  Abody  (q-1)  is  the  denominator  of  the  body 
dynamics  (3.7)  in  discrete  time. 
3.4  Experimental  Procedure 
During  each  experimental  session  the  subject  is  first  secured  in  the  apparatus  and  then  a 
set  of  five  principal  tests  is  carried  out: 
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1.  Identification.  During  the  identification  procedure  the  safety  ropes  (cf.  Figure  2.1, 
page  11)  are  taut  such  that  the  subject  is  in  a  fixed  position  and  no  movement  is 
possible  around  the  ankle  joints. 
(a)  Test  C.  The  purpose  of  this  test  is  to  establish  a  suitable  amplitude  of  the 
stimulation  pulses,  since  we  use  pulses  with  a  constant  amplitude  and  a  varying 
pulsewidth.  Starting  with  an  appropriate  value  of  Current  the  pulsewidth  is 
ramped  up  from  50  -  500  ps  in  5s  and  the  moment  produced  is  measured.  The 
current  is  then  incremented  by  10  mA  and  the  stimulation  pattern  is  repeated. 
This  procedure  is  repeated  until  the  muscles  saturate  at  high  pulsewidths  while 
the  subject  still  feels  comfortable.  The  current  is  then  fixed  at  the  appropriate 
level. 
(b)  Test  PRBS.  This  test  is  an  open-loop  test  using  a  stimulation  signal  where 
the  pulsewidth  has  a  PRBS  form.  The  same  pulsewidth  is  applied  to  both 
legs  and  the  total  moment  produced  is  measured.  The  mean  pulsewidth  is 
then  incremented  and  the  stimulation  pattern  is  repeated  until  the  muscles 
saturate  while  the  subject  still  feels  comfortable.  In  this  way  we  obtain  a  set 
of  input/output  data  around  different  operating  points.  The  amplitude  of  the 
PRBS  signal  was  set  at  35µs.  The  PRBS  signal  was  designed  off-line  to  excite 
the  major  dynamic  properties  of  the  muscle.  It  has  a  period  of  155  samples 
and  is  constant  for  at  least  5  samples  after  each  transition. 
The  input/output  data  gained  from  the  PRBS  test  are  used  to  identify  local  linear 
transfer  functions  around  the  stimulated  operation  points  using  the  least  square  criterion. 
This  step  also  involves  model  validation.  Then,  the  feedback  control  system  is  designed 
based  on  the  experimentally  obtained  model  for  the  muscle  and  the  pendulum  model  of 
the  body  equation  (3.7). 
2.  Control  system  design.  The  cascaded  control  structure  (cf.  Figure  3.10)  allows 
the  overall  feedback  system  to  be  designed  and  tested  in  several  steps  following  the 
generic  design  algorithm  of  section  2.4: 
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Figure  3.10:  Cascaded  loop  structure  for  unsupported  standing. 
(a)  Ankle  moment  controller.  First  the  ankle  moment  controller  is  designed. 
The  muscle  model  with  the  highest  DC  gain  is  usually  chosen  for  the  control 
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design.  This  provides  a  design  which  is  robust  against  the  static  recruitment 
non-linearities.  This  step  establishes  the  desired  closed-loop  response  between 
the  reference  moment  mre  f  and  the  measured  total  ankle  moment  mtot.  Fol- 
lowing  the  controller  synthesis,  the  moment  loop  is  verified  by  inspection  of  the 
closed-loop  frequency  responses  and  tested  separately  (cf.  test  M  below). 
(b)  Body  angle  controller.  The  transfer  function  between  the  reference  moment 
mre  f  and  the  body  angle  e,  i.  e.  the  combination  of  the  ankle  moment  loop 
and  the  open  loop  body  dynamics,  is  taken  as  the  plant  to  design  the  angle 
controller.  The  closed-loop  dynamics  of  the  ankle  moment  loop  can  either  be 
described  by  equation  (2.56),  page  28,  or  approximated  to  be  1  (see  above).  The 
angle  controller  design  establishes  the  desired  closed-loop  response  between  the 
reference  angle  9re  f  and  the  measured  body  angle  9.  The  control  design  is 
verified  by  inspection  of  the  closed-loop  frequency  responses  and  the  overall 
system  is  tested  (tests  T  and  D  below). 
3.  Test  M.  Following  the  design  of  the  moment  loop,  test  M  is  carried  out.  This  is  a 
test  of  closed-loop  Moment  tracking.  Typically  a  square-wave  reference  moment  of 
a  given  amplitude  and  frequency  is  applied.  The  safety  ropes  are  taut  during  this 
test. 
Following  analysis  of  the  moment  control  system,  the  design  parameters  are  sometimes 
changed  and  Test  M  is  repeated.  This  process  in  continued  until  satisfactory  results  are 
obtained  (usually  only  one  or  two  iterations  are  required).  The  design  parameters  for  the 
angle  control  loop  are  then  selected,  the  angle  controller  is  designed,  and  two  kinds  of 
closed-loop  angle  control  tests  are  carried  out.  The  safety  ropes  are  loosened  for  these 
tests  to  allow  movement  around  the  ankle  joint. 
4.  Test  T.  This  is  a  test  of  closed-loop  angle  Tracking.  Typically,  a  square-wave 
reference  angle  of  a  given  amplitude  and  frequency  is  applied.  Sometimes,  in  a 
procedure  known  as  "quiet  standing",  the  reference  angle  is  kept  constant. 
5.  Test  D.  This  a  test  of  closed-loop  Disturbance  rejection.  Here,  the  reference  angle 
is  kept  constant  and  disturbances  are  applied  to  the  body.  We  applied  disturbances 
by  repeatedly  pulling  the  subject  forwards  or  pushing  him  back. 
6.  Test  F.  For  this  test  a  constant  reference  angle  but  no  external  disturbances  are 
applied.  The  subject  is  left  standing  until  the  muscles  are  to  Fatigued  to  keep  the 
body  upright.  This  test  is  carried  out  only  with  the  paraplegic  subject  in  order  to 
explore  the  maximally  possible  duration  of  standing. 
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3.5  Subjects 
Experiments  reported  in  this  thesis  were  carried  out  with  intact  subjects  as  well  as  with 
one  paraplegic  subject.  Initially,  it  is  important  to  work  with  intact  subjects  in  order  to 
study  different  design  options  and  to  evaluate  and  verify  the  control  approach.  Working 
with  intact  subjects  naturally  raises  the  question  of  whether  voluntary  postural  control 
inputs  can  affect  the  observed  results,  but  the  experiments  have  been  designed  to  ensure 
that  such  effects  are  minimised.  During  an  experiment  the  subject  stands  quietly  with 
arms  folded  across  the  chest  and  eyes  closed.  Thus  the  subject  receives  no  cognitive 
feedback  regarding  the  moment  and  angle  setpoints,  or  of  the  current  inclination  angle. 
The  subject  also  loses  proprioception  from  the  ankles  and  exteroception  from  the  soles 
of  the  feet.  Indeed,  most  intact  subjects  report  that  the  electrical  stimulation  of  the  calf 
muscles  causes  a  loss  of  normal  sensation  in  their  lower  limbs,  and  that  they  found  it  easy 
to  "submit"  themselves  to  the  artificial  control  system.  In  these  circumstances  it  is  clearly 
impossible  for  subjects  to  voluntarily  achieve  accurate  tracking  of  the  inclination  angle 
setpoint.  The  results  with  an  intact  subject  presented  in  this  thesis  are  gained  with  one 
28  year  old  male. 
Once  the  most  appropriate  configuration  was  found,  experiments  were  carried  out  with 
one  male  44  year  old  paraplegic  subject  with  a  complete  lesion  at  level  T7/T8,4  years 
post-injury.  Prior  to  the  experimental  study,  he  underwent  muscle  training  for  12  weeks. 
Initially,  the  muscle  training  involved  alternated  stimulation  of  the  plantarflexor  and  dorsi- 
flexor  muscles  for  30  minutes  a  day,  later  increased  to  one  hour  a  day.  The  muscle  training 
continued  throughout  the  experimental  study. 
3.6  Experimental  Results  with  Intact  Subjects 
Experimental  results  with  intact  subjects  are  presented  in  this  section  following  the  pre- 
viously  outlined  procedure.  The  aim  is  to  investigate  the  influence  of  different  design 
choices,  in  particular: 
"  The  effect  of  inclusion  of  integral  action  into  the  moment  loop. 
"  The  effect  of  the  bandwidth  of  the  moment  control  loop  on  the  stability  of  the  overall 
system. 
"  The  effect  of,  and  potential  improvements  resulting  from,  inclusion  of  the  inner  loop 
dynamics  into  the  plant  for  the  angle  loop  design. 
"  The  effect  and  need  for  a  notch  filter  design  approach  for  angle  control  design. 
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All  results  are  from  the  same  experimental  session.  However,  further  series  with  other 
intact  subjects  were  conducted  which  revealed  similar  results. 
3.6.1  Results  of  Test  C 
Typical  results  of  test  C  are  shown  in  Figure  3.11.  Test  C  was  carried  out  separately  for 
the  left  and  right  leg.  It  can  clearly  be  seen  that  the  produced  moment  starts  rising  once 
a  certain  threshold  is  passed.  However,  for  a  current  of  40  mA,  the  muscle  response  is  very 
weak,  whereas  when  stimulated  with  a  current  of  60  mA  the  muscle  output  saturates  for 
relatively  small  values  of  pulsewidth.  Choosing  a  stimulation  current  of  50  mA  enabled  us 
to  use  the  full  range  of  the  pulsewidth,  and  this  value  was  used  for  the  remainder  of  the 
experiment. 
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Figure  3.11:  Results  of  test  C  (intact  subject).  The  upper  plot  shows  the  sequence  of 
impulses  with  ramping  pulsewidth,  applied  to  the  muscle.  The  bottom  plot 
shows  the  measured  response  of  the  muscles  for  three  different  current  levels 
30,40  and  50  mA. 
3.6.2  Results  of  Test  PRBS 
Results  of  test  PRBS  are  shown  in  Figure  3.12.  The  bold  line  in  the  pulsewidth  plot 
corresponds  to  the  bold  line  in  the  moment  plot  underneath.  Four  sets  of  input/output 
data  were  collected  around  mean  pulsewidths  of  100,150,200,250µs.  The  amplitude  of 
the  PRB  signal  was  ±35  µs.  The  muscle  response  to  a  stimulation  around  100  is  was  very 
weak.  The  muscles  saturated  around  the  stimulation  level  of  250  ps.  The  first  5  seconds 
of  each  data  set  were  cut  off  for  the  estimation  process. 
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Figure  3.12:  Muscle  identification  data  for  various  mean  levels  of  PRB  input  signal  with 
an  amplitude  of  35µs  (intact  subject).  The  upper  curves  show  the  PRBS 
input  signals  (pulsewidths)  while  the  lower  curves  show  the  measured  mo- 
ments  corresponding  to  each  level  of  input.  The  bold  and  thin  lines  in  the 
moment  plots  correspond  to  the  bold  and  thin  lines  in  the  pulsewidth  plots, 
respectively. 
3.6.3  Identification 
Based  on  the  input/output  data  from  Test  PRBS  (cf.  Figure  3.12)  we  identified  four 
local  linear  time-invariant  second  order  transfer  functions  using  the  least  square  criterion. 
The  pole  location,  rise  time  and  a  comparison  of  the  simulated  output  of  the  estimated 
model  versus  the  measured  output  of  test  PRBS  are  shown  in  Figure  3.13  for  each  model. 
Table  3.1  summarises  the  identified  transfer  function,  the  rise  time  and  DC  gain  of  the 
four  identified  models. 
model  no. 
pulsewidth  transfer  function  G  (41  )  rise  time  DC  gain 
[us]  p  [s]  [Nm/µs] 
1  100  0.936.10-2g-1  0  29  0.06  1-1.191q-'+O.  362q-2  . 
2  150 
3.093.10-2q-1  0  23  0.24  1-1.486q-1+0.597q-  . 
3  200 
2.777.10-2q-1  42  0  33  0 
-  -1  .  .  1-1.464q  +0.549q 
4  250 
1.921.10-2-  q-1  39  0  19  0 
-1  .  .  1-1.390q  +0.492 
Table  3.1:  Identification  results  (intact  subject).  The  transfer  function,  rise  time  and  DC 
gain  for  each  model.  The  highlighted  model  was  selected  for  control  design. 
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Figure  3.13:  Identification  results  (intact  subject).  Each  row  shows  the  pole  location  in 
the  complex  z-plane,  the  step  response  and  a  comparison  of  the  simulated 
output  of  the  estimated  model  versus  the  measured  output  (mean  value 
removed).  Model  no.  1  corresponds  to  data  set  1  of  test  PRBS  (mean 
pulsewidth  100  µs),  model  no.  2  corresponds  to  data  set  2  (mean  pulsewidth 
150  µs)  etc.  Model  no.  3  at  round  200  µs  was  chosen  for  control  design.  The 
dotted  lines  in  the  step  response  plot  indicate  the  t10_90%  rise  time. 
For  the  design  of  the  muscle  moment  controller,  we  choose  to  work  with  the  model  with 
the  highest  DC  gain  to  ensure  robust  stability  of  the  moment  loop  for  varying  stimulation 
levels,  i.  e.  the  model  identified  for  a  mean  pulsewidth  of  200  µs. 
3.6.4  Ankle  Moment  Control  Test-Results  Test  M 
Influence  of  integral  action  on  the  moment  control  loop.  Results  of  closed-loop 
moment  tracking  are  shown  in  Figure  3.14  and  Figure  3.16.  Figure  3.14  shows  a  design 
where  integral  action  is  included  in  the  controller,  i.  e.  0(q-1)  =1-  q-1,  whereas  no 
integral  action  (AT  (q-1)  =  1)  was  employed  for  the  results  presented  in  Figure  3.16. 
With  integral  action,  the  closed-loop  response  tends  to  oscillate  for  small  rise  times 
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Figure  3.14:  Muscle  moment  control  with  integral  action  (intact  subject).  Control  design 
parameters  are  tm  =  0.2s,  ým  =  0.999,  t'  =  0.15s,  (o  =  0.999. 
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Figure  3.15:  Sensitivity  function  S  (solid)  and  complementary  sensitivity  function  T 
(dashed)  for  moment  control  design  corresponding  to  Figure  3.14. 
(cf.  Figure  3.14).  An  equivalent  design  without  integral  action  remains  stable  and  well 
damped  (cf.  Figure  3.16).  This  observation  is  supported  by  the  shape  of  the  corresponding 
closed-loop  sensitivity  functions  S  and  complementary  sensitivity  functions  t  which  are 
shown  in  Figure  3.15  and  Figure  3.17.  The  larger  peak  of  the  sensitivity  functions  of  the 
controller  with  integral  action  (cf.  Figure  3.15)  explains  the  oscillations  which  are  present 
in  the  closed  loop  responses.  The  oscillations  have  a  frequency  of  approximately  4  Hz, 
which  is  seen  to  lie  between  the  peak  frequencies  of  the  sensitivity  functions.  Thus,  a 
higher  bandwidth  can  be  safely  achieved  using  a  controller  without  integral  action. 
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Figure  3.16:  Muscle  moment  control  without  integral  action.  Control  design  parameters 
are  tm  =  0.15s,  ým  =  0.999,  t,  '  =  0-10s,  ýo  =  0.999. 
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Figure  3.17:  Sensitivity  function  S  (solid)  and  complementary  sensitivity  function  T 
(dashed)  for  moment  control  design  corresponding  to  Figure  3.16. 
On  the  other  hand,  no  integral  action  results  in  a  significant  steady  state  error.  Note 
that  the  DC  gain  of  the  reference  tracking  transfer  function  is  still  one.  Therefore,  the 
steady  state  error  must  be  credited  to  equilibrium  offsets,  disturbances  and  model  errors. 
However,  the  steady  state  error  in  the  inner  loop  is  of  little  significance  for  the  overall 
system,  as  zero  steady  state  angle  tracking  can  be  ensured  by  including  integral  action  in 
the  outer  loop  controller.  The  design  of  Figure  3.16  and  Figure  3.17  was  employed  in  the 
inner  loop  for  the  subsequent  body  angle  control  tests. 
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3.6.5  Body  Angle  Control  Test-Results  Test  T  and  Test  D 
Results  of  closed-loop  angle  tracking  are  shown  in  Figures  3.18-3.24  for  various  design 
options.  A  square  wave  reference  angle  was  specified  with  a  mean  value  of  2.5°,  an  ampli- 
tude  of  1°  and  a  period  of  20s.  For  the  first  20s,  no  external  disturbances  are  explicitly 
applied,  which  corresponds  to  `quiet  standing',  (test  T).  During  the  remaining  30s,  the 
standing  is  disturbed  by  pulling  the  subject  forward  (at  t=  25  s  and  t=  45  s)  and  by 
pushing  him  backwards  (t  =  35  s).  The  physical  parameters  of  the  subject  were  assumed 
as  J=  90  kgm2,  m=  90  kg,  l=1  in,  (3.6)-(3.7),  page  44.  The  design  parameters  for  the 
angle  loop  are  the  same  for  all  results  shown:  to 
c= 
Is)  to 
o=0.7  s,  (=  (o  =  0.999, 
Aa(q-1)  =1-  q-1.  The  inner  loop  was  always  designed  without  integral  action,  i.  e. 
Om(q-1)  =  1,  as  integral  action  is  included  in  the  outer  loop  design.  The  common  design 
parameters  for  the  inner  loop  are:  tn=0.10s,  Qm  =  (o  =  0.999.  The  control  rise  time  is 
varied  between  tm  =  0.15  s  and  tm  =  0.20  s. 
First,  we  investigated  the  influence  of  the  inner  loop  bandwidth  on  the  stability  of  the 
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Figure  3.18:  Body  angle  control  (intact  subject).  Inner  loop  neglected  for  outer  loop 
design.  Fast  inner  loop  (tm  =  0.15  s).  The  upper  plot  shows  the  measured 
(bold)  and  reference  (dashed)  body  angle  as  well  as  a  plot  of  simulated 
control  loop  (thin)  which  gives  an  impression  of  accuracy  of  the  model 
(muscle  and  body).  The  plot  in  the  middle  shows  the  requested  muscle 
moment  (thin)  and  the  measured  muscle  moment  (bold).  The  lower  plot 
shows  the  stimulation  pulsewidth. 
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overall  system  when  the  inner  closed-loop  dynamics  were  neglected  for  the  design  of  the 
outer  control  loop.  Second,  we  investigate  the  effect  of  including  the  inner  loop  dynamics 
in  the  design  plant  for  the  outer  loop,  both  for  fast  and  slow  inner  loops. 
The  effect  of  the  bandwidth  of  moment  control  loop  on  the  stability  of  the 
overall  system.  The  effect  of  the  inner  loop  bandwidth  on  the  overall  stability  can  be 
seen  from  Figure  3.18  and  Figure  3.20.  A  fast  inner  loop  design  was  employed  for  the 
results  of  Figure  3.18  (tm  =  0.15  s),  while  a  slower  inner  loop  design  was  employed  for 
the  results  of  Figure  3.20  (t'  =  0.20s).  The  inner  loop  dynamics  were  neglected  in  the 
design  of  the  outer  loop.  This  works  well  as  long  as  the  inner  loop  is  fast  enough  (cf. 
Figure  3.18).  However,  for  a  slow  inner  loop,  this  design  configuration  can  easily  result 
in  problems  as  the  delay  introduced  by  the  slow  inner  loop  response  destabilises  the  outer 
loop  (cf.  Figure  3.20). 
An  analysis  of  the  corresponding  closed  loop  sensitivity  functions  S  and  complementary 
sensitivity  functions  T  which  are  shown  in  Figure  3.18  and  Figure  3.21  confirms  this 
observation. 
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Figure  3.19:  Sensitivity  function  S  (solid)  and  complementary  sensitivity  function  T 
(dashed)  for  controller  corresponding  to  Figure  3.18.  The  inner  loop  dy- 
namics  were  neglected  in  the  design  of  the  angle  controller  but  included  in 
the  computation  of  S  and  T. 
Note  that  the  nominal  dynamics  of  the  inner  closed-loop  system  have  been  incorporated 
in  the  computation  of  S  and  T  for  the  angle  control  loop.  The  peak  of  S  and  T  occurs 
at  a  frequency  of  0.72  Hz.  This  corresponds  to  a  period  of  1.4  s  which  is  equivalent  to  the 
period  of  the  oscillations  observed  in  Figure  3.20.  However,  there  is  always  a  possibility 
that  the  inner  loop  becomes  slow  due  to  fatigue.  Fatigue  mainly  results  in  the  reduction  of 
the  DC  gain  of  the  muscle  which  then  results  in  a  reduction  of  the  closed-loop  bandwidth. 
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This  is  especially  an  issue  when  working  with  paraplegic  subjects. 
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Figure  3.20:  As  Figure  3.18  (intact  subject),  but  for  slow  inner  loop  (tm  =  0.2  s.  ) 
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Figure  3.21:  Sensitivity  function  S  (solid)  and  complementary  sensitivity  function  T 
(dashed)  for  controller  corresponding  to  Figure  3.20.  The  inner  loop  dy- 
namics  were  neglected  in  the  design  of  the  angle  controller  but  included  in 
the  computation  of  S  and  T. 
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The  effect  of  and  potential  improvements  resulting  from  inclusion  of  the  inner 
closed-loop  dynamics  in  the  plant  employed  for  the  design  of  the  angle  control 
loop. 
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Figure  3.22:  Body  angle  control  (intact  subject).  Inner  loop  dynamics  taken  into  account 
for  the  outer  loop  design.  Fast  inner  loop  (tm  =  0.15  s). 
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Figure  3.23:  Sensitivity  function  S  (solid)  and  complementary  sensitivity  function  T 
(dashed)  for  controller  corresponding  to  Figure  3.22.  The  inner  loop  dy- 
namics  are  taken  into  account,  both  in  the  design  of  the  angle  controller 
and  in  the  computation  of  S  and  T. 
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For  the  results  shown  in  Figure  3.22  and  Figure  3.24  the  inner  loop  dynamics  were 
taken  into  account  for  outer  loop  design. 
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Figure  3.24:  As  Figure  3.22  (intact  subject),  but  for  slow  inner  loop  (tm  =  0.2  s.  ) 
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Figure  3.25:  Sensitivity  function  S  (solid)  and  complementary  sensitivity  function  T 
(dashed)  for  controller  corresponding  to  Figure  3.24.  The  inner  loop  dy- 
namics  are  taken  into  account,  both  in  the  design  of  the  angle  controller 
and  in  the  computation  of  S  and  T. 
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A  notch  filter  design  was  also  employed.  Figure  3.22  shows  a  design  with  a  fast  moment 
control  loop  (tm  =  0.15  s),  whereas  the  inner  loop  is  slower  for  the  results  shown  in 
Figure  3.24  (tm  =0  . 
20  s)  . 
For  these  two  cases  the  corresponding  sensitivity  functions  S  and  T  are  plotted  in 
Figure  3.23  and  Figure  3.25,  respectively.  It  can  be  seen  that  the  performance  of  the 
overall  system  is  less  dependent  on  the  bandwidth  of  the  inner  loop  if  the  inner  loop  is 
considered  in  the  outer  loop  design.  However,  it  turned  out  that  stable  standing  could  not 
be  achieved  without  a  notch  filter  design  being  included. 
The  effect  of  the  notch  filter  design  approach  for  the  angle  control  design. 
The  effect  of  the  notch  filter  design  approach  can  be  found  by  comparing  the  sensitivity 
function  S  and  the  complementary  sensitivity  function  T  with  and  without  a  notch  filter 
design  being  employed  (cf.  Figure  3.26  and  Figure  3.23,  respectively). 
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Figure  3.26:  Sensitivity  function  S  (solid)  and  complementary  sensitivity  function  T 
(dashed)  for  body  angle  control  when  the  inner  loop  is  considered  for  outer 
loop  design  but  no  notch  filter  approach  is  employed.  The  additional  closed- 
loop  poles  which  have  to  be  specified  when  no  notch  filter  is  employed  are 
located  in  the  origin  of  the  z-plane. 
One  effect  of  the  notch  filter  is  that  it  causes  the  complementary  sensitivity  function 
to  decrease  faster  for  high  frequencies,  thus  increasing  robustness  of  the  closed-loop 
against  measurement  noise. 
The  main  effect,  though,  is  seen  in  the  input  sensitivity  functions  for  the  two  designs 
(cf.  Figure  3.27).  The  input  sensitivity  function  is  defined  as  the  transfer  function  from 
measurement  noise  to  control  signal.  Clearly,  the  design  without  a  notch  filter  is  much  more 
sensitive  to  measurement  noise.  Indeed,  simulations  show  that  the  controllers  perform 
equally  well  without  measurement  noise,  but  that  the  controller  without  the  notch  filter 
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Figure  3.27:  Input  sensitivity  function  for  body  angle  control  with  (solid)  and  without 
notch  filter  approach  (dashed).  The  additional  closed-loop  poles  which  have 
to  be  specified  when  no  notch  filter  is  employed  are  located  in  the  origin  of 
the  z-plane. 
becomes  unstable  as  soon  as  noise  is  added.  Since  measurement  noise  is  always  present 
during  the  experiments,  this  explains  the  need  to  use  a  controller  design  with  notch  filter. 
3.7  Conclusions  (Intact  Subject) 
The  experimental  results  with  intact  subjects  show  that  the  proposed  control  approach  for 
unsupported  standing  performs  reliably,  and  according  to  the  design  formulation.  A  num- 
ber  of  design  options  have  been  investigated  and  the  influence  on  the  system's  behaviour 
is  clear.  The  design  parameters,  such  as  rise-time  and  damping  of  the  closed-loop  response 
have  a  clear  physical  interpretation  and  allow  easy  tuning  during  an  experimental  session. 
This  is  important  since  the  complete  design  procedure  starting  with  identification  of  the 
muscle  dynamics  to  the  control  design  has  to  be  carried  out  as  quickly  as  possible  while 
the  subject  stands  in  the  apparatus.  This  is  even  more  important  when  working  with 
paraplegic  subjects  because  of  their  limited  muscle  power  and  their  proneness  to  fatigue. 
The  pole  assignment  approach  gives  a  closed-loop  response  which  is  independent  of  the 
nominal  plant  model.  Therefore,  the  suggested  method  is  more  generally  applicable  than 
the  previously  suggested  LQG  approach  considering  the  variable  properties  of  artificially 
stimulated  muscle  between  individuals. 
The  new  ankle  moment  control  structure  assumes  the  moment  control  plant  as  a  SISO 
system  with  a  common  stimulation  signal  for  both  legs  and  the  added  response  of  the  left 
and  right  leg  as  the  single  output.  While  we  believe  this  is  a  better  way  to  deal  with  the 
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left  and  right  asymmetry,  which  is  particularly  present  in  paraplegic  subjects,  this  also 
accelerates  the  entire  identification  and  design  procedure. 
The  aim  of  the  experiments  with  intact  subjects  was  to  find  the  most  suitable  control 
design  configuration  with  respect  to  the  investigated  design  options: 
"  Inner  loop-as  fast  as  possible  and  with  no  integral  action.  It  has  been 
seen  that  a  slow  inner  loop  can  potentially  destabilise  the  overall  control  system.  In 
general,  it  is  important  to  maintain  a  bandwidth  as  high  as  possible  for  the  inner 
moment  control  loop.  This  is  best  achieved  if  the  inner  loop  is  designed  without 
integral  action  because  an  integrator  is  known  to  have  destabilising  effect  in  general. 
A  steady  state  error  in  the  moment  loop  is  of  little  significance  on  the  performance 
of  the  overall  system,  since  integral  action  in  the  outer  loop  ensures  a  zero  steady 
state  error  for  the  body  angle. 
"  Outer  loop-inclusion  of  the  inner  loop  dynamics  in  the  design  plant  for 
the  outer  loop.  Paraplegic  subjects  in  particular  are  prone  to  muscle  fatigue  which 
reduces  the  bandwidth  of  the  moment  loop.  Therefore,  we  suggest  to  include  the 
nominal  inner  loop  dynamics  in  the  design  plant  for  the  body  angle  control  loop. 
It  has  been  seen  that  this  reduces  the  dependence  of  the  performance  of  the  overall 
system  on  the  inner  loop  bandwidth. 
"  Outer  loop-notch  filter  approach  for  the  outer  control  loop.  We  found 
that  when  the  inner  loop  is  included  in  the  outer  loop  design  plant  the  outer  control 
loop  is  to  sensitive  to  measurement  noise  resulting  in  instability.  Therefore,  a  notch 
filter  design  is  required. 
3.8  Experimental  Results  with  Paraplegic  Subjects 
The  results  presented  in  this  section  are  from  different  sessions.  However,  the  results  of 
test  C,  test  PRBS,  test  M,  and  test  T  are  from  the  same  session,  while  the  results  of  test  D 
are  from  a  different  session. 
3.8.1  Results  of  Test  C 
Typical  results  of  test  C  for  the  paraplegic  subject  can  be  seen  in  Figure  3.28. 
It  can  be  seen  that  the  muscles  of  the  paraplegic  subject  are  much  weaker  than  those 
of  the  intact  subject.  A  much  higher  current  is  necessary  to  obtain  a  reasonable  response 
from  the  muscle.  Furthermore,  the  saturated  output  of  the  muscles  is  much  lower  than 
with  the  intact  subject  as  can  be  seen  particularly  in  the  right  leg  (cf.  Figure  3.11).  Also, 
there  seems  to  be  a  quite  significant  asymmetry  between  the  left  and  right  leg.  The 
currents  were  selected  as  120  mA  for  the  left  leg  and  110  mA  for  the  right  leg. 
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Figure  3.28:  Results  of  test  C  (paraplegic  subject).  The  upper  plot  shows  the  sequence 
of  impulses  with  ramping  pulsewidth,  applied  to  the  muscle.  The  bottom 
plot  shows  the  measured  response  of  the  muscles:  for  the  left  leg  for  three 
different  current  levels  100,110  and  120  mA,  for  the  right  leg  for  100  and 
110  mA. 
3.8.2  Results  of  Test  PRBS 
Results  of  test  PRBS  are  shown  in  Figure  3.29.  Input/output  data  are  collected  around 
three  mean  values  of  pulsewidth  of  150,200,  and  250  µs.  Test  PRBS  was  shortened  to 
10  seconds  in  order  to  reduce  fatigue. 
data  set  1,3  data  set  2 
nnn  Onn 
3UU 
250 
200 
150 
ä  100 
50, 
0 
30 
Z 
20 
10 
0 
2468  10 
lJ  L  `t  V 
time  [s]  time  [s] 
Figure  3.29:  Results  of  test  PRBS  (paraplegic  subject),  cf.  Figure  3.12.  The  first  two 
seconds  were  cut  off  for  the  model  estimation  process. 
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3.8.3  Identification 
Based  on  the  input/output  data  shown  in  Figure  3.29  we  identified  three  local  models  of 
the  muscle  dynamics  as  described  in  section  3.6.3.  The  results  are  shown  in  Figure  3.30. 
The  inverse  recruitment  pattern  of  the  artificial  stimulation  can  clearly  be  recognised.  At 
low  stimulation  levels  (model  no.  1)  fast  and  strong  (but  susceptible  to  fatigue)  motor 
units  are  mainly  recruited.  The  step  response  is  fast  and  the  muscle  response  is  relatively 
strong  (first  row).  At  higher  stimulation  levels  the  step  response  of  the  muscle  model 
becomes  slower  and  the  muscle  response  weaker  as  more  and  more  slower  and  weaker 
(but  fatigue  resistent)  motor  units  are  recruited.  Furthermore,  as  a  comparison  with  the 
results  from  the  intact  subject  (cf.  Figure  3.13)  shows,  the  results  with  the  paraplegic 
subject  are  less  accurate.  There  are  a  number  of  explanations.  First,  the  estimation  for 
the  paraplegic  subject  is  based  on  a  smaller  data  set.  Second,  the  measured  response  of 
test  PRBS  seems  to  be  influenced  by  a  trend  for  the  paraplegic  subject  which  was  not 
removed  for  the  estimation  process.  This  trend  is  probably  due  to  fatigue.  Finally,  test 
PRBS  might  generally  be  more  corrupted  by  disturbances  such  as  spasticity. 
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Figure  3.30:  Identification  results  (paraplegic  subject).  The  pole  location,  the  step  re- 
sponse  and  a  comparison  of  the  simulated  output  of  the  identified  model 
versus  the  measured  output  is  shown  for  each  model. 
The  results  of  the  identification  process  are  summarised  in  Table  3.2.  The  model  with 
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the  highest  gain  was  used  for  the  control  design  as  this  choice  improves  robustness  against 
recruitment  nonlinearities. 
model  no. 
pulsewidth  transfer  function  G1  (q  rise  time  DC  gain 
[us]  p  [s]  [Nm/µs] 
1  150 
2.73410-2q-1 
1-1.173q-1+0.373q-2 
0.24  0.14 
2  200 
1.240.10-2q-1 
1-1.156q-1+0.303q-2 
0.40  0.08 
3  250 
0.669.10-2q-1 
1-0.922q-1  ß-0.091q-2  0.51  0.04 
Table  3.2:  Identification  results  (paraplegic  subject).  The  transfer  function,  rise  time 
and  DC  gain  for  each  model.  The  highlighted  model  was  selected  for  control 
design. 
3.8.4  Ankle  Moment  Control  Test-Results  Test  M 
Results  of  the  moment  control  test  are  shown  in  Figure  3.31.  A  square  wave  reference 
moment  is  provided  with  a  mean  value  of  10  Nm,  an  amplitude  of  10  Nm,  and  a  period  of 
5  s.  Figure  3.31  shows  that  the  moment  control  loop  works  according  to  its  specification. 
The  fact  that  there  is  a  calibration  offset  in  the  moment  measurement  is  of  little  significance 
for  the  performance  of  the  overall  system.  This  happens  due  to  small  movements  of  the 
subject  relative  to  the  apparatus  which  are  not  completely  preventable. 
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Figure  3.31:  Muscle  moment  control  (paraplegic  subject).  Control  design  parameters 
are  tm  =  0.2  s,  ým  =  0.999,  t,  '  =  0.10  s,  (o  =  0.999. 
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3.8.5  Body  Angle  Control  Test-Results  Test  T 
Results  of  closed-loop  control  of  unsupported  standing  are  shown  in  Figures  3.32-3.34. 
First,  a  test  of  undisturbed  square  wave  reference  tracking  is  shown  (cf.  Figure  3.32).  The 
mean  value  of  the  reference  signal  is  0.75°,  the  amplitude  is  0.5°  and  the  period  is  20  s.  The 
physical  parameter  of  the  subject  were  assumed  as  J=  110  kgm2,  ih  =  90  kg,  l=1m.  The 
subject  was  able  to  stand  for  50  s.  The  trial  was  then  stopped.  The  closed-loop  response 
is  oscillatory,  but  the  reason  for  this  might  be  inaccuracy  in  the  model  of  the  body. 
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Figure  3.32:  Body  angle  control  (paraplegic  subject),  results  of  test  T:  Square  wave 
reference  tracking  test.  The  upper  plot  shows  the  measured  (bold)  and 
reference  (dashed)  body  angle  as  well  as  a  plot  of  simulated  control  loop 
(thin)  which  gives  an  impression  of  the  accuracy  of  the  model  (muscle 
and  body).  The  plot  in  the  middle  shows  the  requested  muscle  moment 
(thin)  and  the  measured  muscle  moment  (bold).  The  lower  plot  shows  the 
(m  =  stimulation  pulsewidth.  Control  design  parameter  are  tm  =  0.7s, 
0.999,  t'  =  0.7  s,  ýo  =  0.999,  moment  loop  as  in  Figure  3.31. 
3.8.6  Body  Angle  Control  Test-Results  Test  D 
Results  of  the  closed-loop  disturbance  rejection  test  (test  D)  are  shown  in  Figures  3.33. 
The  results  shown  are  not  from  the  same  session  as  the  previous  results,  although  the 
design  parameters  are  the  same  as  in  Figure  3.32.  Disturbances  were  applied  by  pulling 
the  subject  forward  at  chest  level.  The  subject  remained  stable  but  the  last  disturbance 
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in  Figure  3.33  at  t=  35  s  caused  the  subject  to  fall.  It  was  generally  observed  that  the 
subject  could  easily  be  destabilised  by  pulling  forward  or  pushing  backward. 
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Figure  3.33:  Body  angle  control  (paraplegic  subject),  results  of  test  D:  Disturbance  re- 
jection  test.  A  constant  reference  value  is  requested  for  the  body  angle  at 
0.5°.  The  subject  was  pulled  forward  at  t=8s,  t=  15  s,  t=  25  s,  and 
t=  35  s.  The  final  disturbance  caused  the  subject  to  fall.  Control  design 
parameters  are  the  same  as  in  Figure  3.32  but  results  are  from  a  different 
experimental  session. 
3.8.7  Body  Angle  Control  Test-Results  Test  F 
Results  of  the  fatigue  resistance  test  (test  F)  are  shown  in  Figure  3.34.  External  distur- 
bances  were  also  applied  during  the  test  at  times  t=  90  s  and  t=  110  s  although  this  test 
was  carried  out  to  explore  the  maximal  achievable  period  of  standing.  In  this  test  fatigue 
caused  the  subject  to  fall  after  200  s. 
3.9  Conclusions  (Paraplegic  Subject) 
The  goal  of  this  study  was  to  verify  and  improve  the  results  from  Hunt  et  al.  [1997] 
and  Munih  et  al.  [1997]  which  aimed  to  show  that  unsupported  standing-without  arm 
support-can  be  achieved  in  paraplegia  by  artificial  stimulation  of  the  calf  muscles  and  by 
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Figure  3.34:  Results  of  test  F  (paraplegic  subject).  External  disturbance  applied  at 
t=  90s  and  t=  110  s.  After  both  disturbances  the  subject  had  to  be 
stabilised  by  the  experimenter  and  unsupported  standing  was  resumed  from 
130  s  onwards  until  fatigue  caused  the  subject  to  fall  after  ca.  200  s.  Despite 
the  reference  angle  of  0°,  the  subject  is  not  in  the  neutral  position  since 
a  non-zero  moment  is  requested  by  the  angle  controller  and  plantarflexor 
stimulation  is  necessary  to  maintain  stability. 
doing  so  using  the  paralysed  subject's  own  muscle  power.  In  Hunt  et  al.  [1997]  and  Munih 
et  al.  [1997]  experiments  were  carried  out  with  one  35  year  old  subject  with  a  complete 
SCI  at  level  T5.  Unsupported  standing  could  only  be  achieved  for  ca.  20  s,  mainly  due  to 
general  weakness  of  the  paralysed  muscles,  rapid  fatigue  and  spasticity. 
A  cascaded  control  structure  has  been  employed  but  with  a  number  of  key  changes 
compared  to  Hunt  et  al.  [1997];  Munih  et  al.  [1997]  (see  section  3.2).  The  results  have 
shown  that  unsupported  standing  can  be  achieved  for  considerable  periods  of  time.  The 
longest  achieved  period  ever  with  any  controller  was  more  than  seven  minutes  [Holderbaum 
and  Hunt,  2001;  Holderbaum  et  al.,  2002].  Small  external  disturbances  can  be  rejected. 
The  modifications  in  the  control  design  approach  resulted  in  a  faster  and  simpler 
design  procedure.  The  control  design  approach  proved  reliable  and  the  achievable  periods 
of  unsupported  standing  are  significantly  increased  from  those  reported  by  Hunt  et  al. 
[1997];  Munih  et  al.  [1997].  Although  the  properties  of  the  muscle  can  vary  from  day  to 
day,  consistent  results  could  be  achieved  with  the  same  set  of  design  parameters. 
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However,  the  limiting  factor  remains  the  general  weakness  of  the  muscles  in  the  para- 
plegic  while  virtually  unlimited  periods  of  standing  could  be  achieved  with  neurologically- 
intact  subjects.  Only  small  moments  could  be  generated  which  were  sufficient  to  stabilise 
the  body  at  small  angles  of  inclination.  Larger  disturbances  could  easily  cause  loss  of 
balance.  Once  the  muscles  were  fatigued,  no  further  standing  could  be  achieved  with  the 
paraplegic  subject  even  after  resting  periods  of  up  to  20  minutes.  It  is  generally  conceivable 
to  strengthen  the  muscle  by  further  training,  e.  g.  using  loads  during  muscle  training  but 
any  time  limited  muscle  training  is  not  comparable  to  the  every  day  strain  on  the  muscles 
involved  in  standing.  Therefore,  muscle  weakness  and  fatigue  will  remain  the  inherent 
limiting  factors  in  unsupported  standing  in  paraplegia. 
An  important  feature  of  the  study  in  this  chapter  is  that  any  influence  of  the  intact 
upper  body  was  excluded.  Practical,  useful  neuro-prostheses,  however,  will  have  to  take 
advantage  of  the  residual  sensory-motor  abilities  of  the  paraplegic  subject.  We  call  this 
integrated  voluntary  control.  The  necessary  muscle  moment  to  hold  the  erect  body  upright 
can  be  minimised  when  the  subject  is  allowed  to  use  their  upper  body.  On  the  other  hand, 
the  brain  is  quite  a  sophisticated  control  system,  hitherto  unmatched  in  its  performance  by 
any  artificial  control  system,  adaptive  and  capable  of  dealing  with  time-varying  and  non- 
linear  system  behaviour.  Therefore  it  is  only  natural  to  use  its  capabilities  for  maintaining 
balance  and  to  restore  standing.  This  theme  is  pursued  in  the  following  chapters. 
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4.1  Summary 
Aim:  The  aim  was  to  investigate  the  feasibility  of  ankle  stiffness  control  using  FES  and 
the  extent  to  which  it  can  contribute  to  the  task  of  stabilising  the  body.  The  work  was 
intended  as  a  pilot  study  towards  standing  supported  by  FES-controlled  ankle  stiffness. 
Methods:  The  work  was  carried  out  using  the  Wobbler  apparatus  described  in  sec- 
tion  2.2.  Ankle  stiffness  was  controlled  by  feedback  control  of  the  ankle  moment  involving 
stimulation  of  plantarflexor  and  dorsiflexor  muscles  and  a  suitable  switching  strategy.  A 
series  of  experimental  tests  was  carried  out  with  one  intact  subject  and  one  paraplegic 
subject. 
Results:  The  results  show  that  ankle  stiffness  control  can  be  achieved  by  means  of  FES 
within  certain  limitations.  When  plantarflexor  stimulation  is  required  the  ankle  stiffness  is 
close  to  the  requested  value.  However,  when  dorsiflexor  stimulation  is  required  the  desired 
ankle  stiffness  cannot  be  achieved. 
Conclusion:  Two  factors  limit  the  quality  of  stiffness  control,  (i)  the  bandwidth  of  the 
moment  control  loop,  and  (ii)  the  muscle  strength.  Ankle  stiffness  has  the  potential  to 
facilitate  the  task  of  stabilising  the  body.  However,  an  external  input  is  required  to  actually 
achieve  stability. 
Contribution:  The  author's  contribution  to  this  study  consists  of  the  development  and 
implementation  of  the  experimental  software.  Furthermore,  the  author  was  involved  in  the 
execution  of  the  experiments  and  in  the  analysis  and  interpretation  of  the  results.  This 
work  is  published  in  Hunt  et  al.  [2000b]  and  Hunt  et  al.  [2001b]. 
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4.2  Motivation 
The  study  presented  in  this  chapter  is  mainly  motivated  by  the  work  of  Matjacic  and 
Bajd  [1998a,  b].  Their  work,  in  turn,  was  inspired  by  the  strategy  used  by  intact  subjects 
when  recovering  from  disturbances  imposed  in  anterior/posterior  directions.  It  is  known 
that  intact  subjects  elicit  an  "ankle"  strategy  to  recover  from  small  disturbances  while 
they  use  a  "hip"  strategy  to  recover  from  larger  disturbances,  or  a  combination  of  both 
[Horak  and  Nashner,  1986].  The  ankle  strategy  is  characterised  by  a  distal  to  proximal 
muscle  activity  starting  in  the  muscles  acting  at  the  ankle  joint.  Balance  is  maintained  by 
moving  the  body  primarily  around  the  ankle  joint.  The  hip  strategy,  on  the  other  hand,  is 
characterised  by  muscle  activation  antagonist  to  those  in  the  ankle  strategy  in  the  opposite 
proximal-to-distal  sequence.  The  resulting  movement  is  primarily  concentrated  around  the 
hip  joints. 
Matjacic  and  Bajd  [1998a,  b]  observed  some  similarities  between  motor  resources  of 
intact  subjects  employing  a  combined  balancing  strategy  and  the  residual  sensory  motor 
abilities  of  paraplegic  subjects  with  a  lesion  at  thoracic  level.  An  intact  subject  employing 
a  mixed  strategy  responds  to  perturbations  by  moving  the  trunk  around  the  hip  joint 
while  the  knees  remain  extended.  Increased  activity  of  the  ankle  agonist  and  antagonist 
muscles  results  in  an  increased  impedance  of  the  ankle  joint.  A  person  employing  this 
kind  of  balancing  strategy  behaves  approximately  like  a  double-link  inverted  pendulum. 
Matjacic  and  Bajd  thought  a  similar  balancing  activity  might  be  elicited  in  a  paraplegic 
subject.  They  demonstrated  that  a  paraplegic  subject  with  a  lesion  at  thoracic  level,  after 
appropriate  training,  was  able  to  stabilise  himself  using  his  trunk  muscles  if  an  appropriate 
level  of  stiffness  around  the  ankle  joints  is  present  (approximately  10  Nm/deg).  The  subject 
was  assumed  as  a  double-link  inverted  pendulum  with  the  knees  mechanically  braced  by 
an  experimental  apparatus,  similar  to  the  MRF  described  in  Section  2.3  but  restricted  to 
one  degree-of-freedom  in  the  sagittal  plane  only,  and  the  trunk  free  to  move  voluntarily. 
These  were  encouraging  results  since  stiffness  is  a  convenient  variable  to  regulate  as  it 
requires  only  measurement  of  the  ankle  joint  angle  (and  not  derivatives  of  the  angle)  . 
The  ankle  stiffness  was  applied  by  hydraulic  actuators,  which  acted  as  artificial  ankle 
joints.  However,  while  a  hydraulic  system  is  a  good  experimental  setup  to  study  the 
feasibility  of  the  principle,  it  is  not  useful  as  a  practical  tool.  Our  aim  was  therefore 
to  replace  the  hydraulic  component  of  the  standing  scheme  proposed  by  Matjacic  and 
Bajd  [1998a,  b]  with  an  FES-controlled  ankle  stiffness.  FES  provides  more  flexibility  and 
independence  compared  with  a  hydraulic  system  especially  when  it  comes  to  an  implanted 
system.  Furthermore,  FES  has  a  greater  potential  to  extend  the  system  towards  more 
functionality. 
The  work  presented  in  this  chapter  is  a  pilot  study  towards  paraplegic  standing  sup- 
ported  by  FES-controlled  ankle  stiffness.  Results  of  the  latter  are  presented  in  the  next 
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chapter.  This  chapter  focusses  on  the  feasibility  and  accuracy  of  ankle  stiffness  control 
using  FES  of  the  plantarflexor  and  dorsiflexor  muscle  groups.  The  work  reported  here 
was  carried  out  in  the  "Wobbler"  apparatus  as  described  in  Section  2.2,  which  allows  the 
fundamental  limitations  of  the  approach  to  be  studied  with  minimal  intervention  from 
central  motor  control.  The  presented  approach  involves  stimulation  of  the  ankle  extensor 
and  flexor  muscles  which  extends  our  previous  work  on  unsupported  standing  where  only 
forward-leaning  postures  and  plantarflexor  stimulation  were  considered. 
4.3  Experimental  Setup 
The  experimental  apparatus  used  in  this  experiment  is  described  in  Section  2.2.  The 
subject  is  assumed  as  a  single-link  inverted  pendulum.  This  configuration  is  secured  by 
a  custom  made  body  shell  attached  to  the  subject's  back  which  allows  movement  only 
around  the  ankle  joint  (cf.  Figure  2.1  on  page  11).  Ankle  joint  movement  can  be  induced 
using  different  modes  of  operation  of  the  Wobbler: 
1.  The  ropes  are  kept  taut  and  body  is  fixed  in  an  upright  posture.  The  feet  are 
"wobbled"  and  the  ankle  angle  is  measured  at  the  shaft. 
2.  The  feet  are  kept  in  fixed  position,  but  the  safety  ropes  are  loosened  to  allow  the 
body  to  move  back  and  forth.  In  this  case  the  ankle  angle  is  inferred  from  the 
measured  inclination  angle. 
The  experimental  control  structure  is  shown  in  Figure  4.1.  The  body  angle  of  inclina- 
tion  0  is  measured  and  multiplied  by  the  desired  value  of  ankle  stiffness  K3.  This  provides 
a  reference  moment  mre  f  for  the  ankle  joint  which  is  under  closed-loop  control.  Depend- 
ing  on  whether  the  subject  is  leaning  forward  or  backward  the  plantarflexor  muscles  or 
dorsiflexor  muscles  are  stimulated,  respectively.  In  the  situation  shown  in  Figure  4.1,  the 
subject  is  leaning  forward  and  the  plantarflexor  muscles  are  stimulated.  It  can  be  seen 
from  Figure  4.1  that  a  stiffness  in  the  ankle  joint  corresponds  to  a  simple  proportional 
control  (P-control)  for  the  inverted  pendulum  (cf.  Figure  3.7,  page  42). 
It  was  shown  in  the  previous  chapter  that  even  a  PD-control  strategy  is  unlikely  to 
be  sufficient  to  stabilise  the  body.  In  the  physical  framework  a  PD-control  is  equivalent 
to  a  combined  stiffness  (P-term)  and  viscosity  (D-term)  feedback.  Nevertheless,  in  this 
chapter  we  want  to  investigate  the  contribution  of  proportional  feedback  (ankle  stiffness) 
to  the  problem  of  stability  of  the  body.  The  reason  is  that  a  stiffness  is  easy  to  integrate 
into  the  residual  sensory  motor  abilities  of  a  paraplegic  subject  and,  more  importantly, 
easy  to  realise  in  terms  of  sensors  (cf.  Chapter  6). 
71 Chapter  4:  Control  of  Ankle  Joint  Stiffness 
...  4.3.  Experimental  Setup 
Figure  4.1:  Experimental  control  structure.  0  is  the  inclination  angle  of  the  body,  rntot 
is  the  total  ankle  moment,  u'  '  is  the  pulsewidth  of  stimulation.  K,  s  is  the 
desired  stiffness  value  and  C, 
2  is  the  moment  controller.  me  is  the  external 
moment  applied  by  the  experimenter  to  stabilise  the  subject.  The  situation 
shown  refers  to  operating  mode  2  of  the  wobbler  as  described  above  and  for- 
ward  leaning  of  the  subject.  When  backward  leaning,  the  dorsiflexor  muscles 
are  stimulated  and  the  external  moment  is  applied  in  the  opposite  direction. 
A  model  of  the  body  as  an  inverted  pendulum  has  been  derived  in  Section  3.3.2. 
Including  ankle  stiffness  k,  ',  the  model  becomes 
Gb(s)  _ 
e(s) 
=J  M(s)  s2  -}- 
k'  (4.1) 
where  Gb(s)  is  the  linear  transfer  function  of  the  body  dynamics,  O(s)  and  M(s)  are  the 
Laplace  transforms  of  the  body  angle  0  and  mtot  and  s  is  the  complex  variable  of  the 
Laplace  transformation.  The  physical  parameters  of  the  body  are  assumed  as  fn  =  70  kg, 
J=  70  kgm2  and  1=1  in.  When  k,  3  =  0,  the  inverted  pendulum  model  is  inherently 
unstable  with  two  poles  on  the  real  axis  in  the  complex  s-plane.  For  0<  k3  <  tgl 
the  poles  migrate  towards  the  origin.  For  k,  >  rngl  the  poles  lie  on  the  imaginary  axis 
(complex  conjugate).  Figure  4.2  shows  the  root  locus  of  the  inverted  pendulum  model  (4.1) 
of  the  body  depending  on  a  static  ankle  stiffness  ks. 
Thus,  the  inverted  pendulum  cannot  be  asymptotically  stabilised  with  stiffness  alone. 
Discretisation  of  the  feedback  loop  and  the  phase  lag  due  to  limited  dynamics  of  the  muscle 
further  deteriorate  the  situation. 
Therefore,  in  order  to  stabilise  the  subject  during  the  experiment,  an  external  moment 
me  (cf.  Figure  4.1)  has  to  be  applied  by  the  experimenter.  With  the  conventions  of 
1  ks  denotes  the  stiffness  actually  effective  at  the  ankle  joint  which  is  to  be  distinguished  from  the  desired 
stiffness  K, 
. 
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Figure  4.2:  Root  locus  of  the  inverted  pendulum  model  (4.1)  depending  on  a  static  ankle 
stiffness  k3. 
Figure  4.1,  the  external  moment  can  me  can  be  estimated  as 
me  ,-  urtot  -  mgl9,  (4.2) 
assuming  that  the  angular  acceleration  of  the  body  is  sufficiently  small.  Here,  the  ex- 
ternal  moment  is  considered  positive  as  the  moment  necessary  to  move  the  body  by  the 
experimenter  manually  around  the  ankle  joint. 
According  to  Figure  4.1,  the  desired  stiffness  Ks  is  given  by 
mre  f 
KS- 
0 
(4.3) 
However,  the  stiffness  actually  acting  at  the  ankle  joint  k,  s  is  given  by 
las  = 
urtot  (4.4) 
0 
On  the  other  hand,  the  actually  achieved  moment  mtot  and  the  reference  moment  mre  f 
Y/r 
(q-1)  as  are  related  to  each  other  by  the  transfer  function  for  reference  tracking  Gym 
urtot  =  Gy'lr(q-1)mref 
, 
(4.5) 
(cf.  Figure  2.14,  page  26).  Substituting  mtot  in  (4.4)  by  (4.5)  gives 
ctm  (q-1)mref 
(4.6)  ýS  -0 
With  (4.3),  this  shows  that  Gylr(q-1)  is  indeed  the  transfer  function  from  the  desired,  or 
"reference"  stiffness  value  Ks  to  the  actual  achieved  stiffness  kS  as 
KS 
(4.7) 
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With  the  proposed  control  structure,  ankle  stiffness  control  is  achieved  via  ankle  moment 
control. 
A  simple  strategy  for  controlling  the  agonist/antagonist  muscle  group  was  adopted.  A 
single  ankle  moment  controller  is  designed  based  on  the  experimentally  identified  model 
of  the  plantarflexor  muscles,  where  the  left  and  right  leg  are  combined  into  a  SISO  system 
(cf.  Figure  3.8,  page  43).  However,  integral  action  is  employed  for  ankle  moment  control 
as  we  are  mainly  interested  in  accurate  moment  tracking.  i.  e.  Om(q-1)  =1-  q-1  (cf. 
Figure  2.14).  When  the  controller  provides  a  positive  control  signal  ups"  the  plantarflexor 
muscles  will  be  stimulated,  while  a  negative  control  signal  means  the  dorsiflexor  muscles 
will  be  stimulated.  Thus,  a  simple  switching  strategy  is  employed  as  shown  in  Figure  2.17, 
page  32. 
4.4  Experimental  Procedure 
First  a  set  of  identification  tests  is  carried  out  to  establish  the  amplitude  of  the  stimulation 
pulses  and  to  identify  the  dynamic  properties  of  the  plantarflexor  muscles.  The  ankle 
moment  controller  is  based  only  on  the  model  for  the  plantarflexor  muscles.  It  is  well 
known  that  the  dorsiflexor  muscles  are  generally  weaker  than  the  plantarflexor  muscles, 
so  this  approach  will  provide  robustness  for  the  dorsiflexor  muscles  as  well,  although  this 
approach  is  conservative  and  a  loss  of  performance  has  to  be  accepted.  The  identification 
procedure  follows  the  description  in  Section  3.4.  Following  the  control  design,  four  major 
experimental  tests  were  carried  out: 
1.  Test  M.  This  is  a  test  of  ankle  Moment  control.  In  this  test  the  body  (ropes  taut) 
and  feet  (shaft  locked)  are  fixed,  and  ankle  moment  is  controlled.  The  reference 
moment  can  be  positive  (plantarflexion)  and  negative  (dorsiflexion).  The  "outer 
loop"  stiffness  control  is  not  active  during  this  test  and  the  reference  moment  mre  f 
is  explicitly  specified  by  the  experimenter.  Usually,  a  square  wave  or  a  sinusoidal 
reference  moment  is  specified.  The  purpose  of  this  test  is  to  evaluate  the  ankle 
moment  control  design  and  to  determine  whether  accurate  control  of  both  positive 
and  negative  reference  moments  can  be  achieved  by  a  single  controller  switching 
between  the  ankle  flexor  and  extensor  muscles. 
2.  Test  AS.  This  is  a  test  of  Ankle  Stiffness  control.  Here  the  body  is  fixed  (ropes 
taut),  but  the  feet  are  wobbled  in  order  to  achieve  a  change  in  ankle  angle  by  manual 
adjustment  of  the  wobbling  speed.  This  is  a  test  of  ankle  stiffness  control,  achieved 
via  ankle  moment  control,  i.  e.  the  reference  moment  mre  f=  K36  is  determined  as 
in  Figure  4.1  by  the  product  of  the  current  ankle  angle  0  (measured  by  the  shaft 
potentiometer)  and  the  desired  stiffness  K.  This  test  can  be  repeated  for  various 
values  of  desired  stiffness  and  wobbling  speed. 
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3.  Test  SS.  This  test  is  called  Stiff  Standing.  The  feet  are  fixed  (no  wobbling)  but  the 
body  is  allowed  to  sway  (loose  ropes).  Here  the  current  body  angle  9  is  measured 
as  the  angle  of  inclination  of  the  body.  After  selecting  the  desired  stiffness  the 
experimenter  can  carry  out  two  sub-tests: 
(a)  Test  SSa.  The  experimenter  holds  the  subject  in  some  initial  position,  releases 
the  subject  and  observes. 
(b)  Test  SSb.  The  experimenter  stands  in  front  of  the  subject  holding  onto  the 
body  brace.  The  experimenter  then  moves  the  subject  manually  through  a 
range  of  angles. 
Tests  SSa  and  SSb  can  be  repeated  for  various  values  of  desired  ankle  stiffness. 
The  external  moment  me  which  needs  to  be  applied  by  the  experimenter  to  move 
the  body  manually  through  various  angles  can  be  estimated. 
4.  Test  EPC.  This  test  is  called  External  Posture  Control.  It  is  carried  out  under 
similar  conditions  to  Test  SS.  In  this  case  the  experimenter  provides  external  con- 
trol  (moment  me)  by  standing  in  front  of  the  subject  and  holding  on  to  the  body 
brace  at  a  measured  height  from  the  ankles. 
A  desired  reference  angle  Ore  f  is  generated  and  displayed  on  a  screen  to  the  experi- 
menter  in  realtime  together  with  the  measured  inclination  angle.  The  desired  angle 
will  typically  be  a  sine  wave.  The  task  of  the  experimenter  is  to  make  the  posture 
follow  the  reference  angle  as  accurately  as  possible. 
The  purpose  of  this  test  is  to  assess  the  ease  or  difficulty  with  which  external  track- 
ing  control  can  be  achieved.  This  can  be  assessed  for  various  desired  values  of 
ankle  stiffness  K,  by  comparing  the  required  external  forces  and  the  tracking  errors. 
As  in  Test  SS  the  external  moment  can  be  estimated. 
4.5  Subjects 
Two  subjects  participated  in  this  study:  One  neurologically  intact  subject,  29  years  old, 
male;  and  one  paraplegic  subject,  44  years  old,  male  with  a  complete  lesion  at  level  T7/T8, 
4  years  post  injury.  He  previously  participated  in  the  study  on  unsupported  standing 
reported  in  the  previous  chapter  and  underwent  muscle  training  as  reported  in  Section  3.5. 
4.6  Experimental  Results  with  Intact  Subject 
The  results  of  the  identification  procedure  are  similar  to  those  reported  in  the  previous 
chapter  in  Section  3.6. 
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A  test  of  closed-loop  moment  control  is  shown  in  Figure  4.3  for  square  wave  reference 
tracking. 
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Figure  4.3:  Closed-loop  moment  control  with  square  wave  reference  tracking  around  zero 
with  an  amplitude  of  +10  Nm. 
It  can  be  seen  that  the  controller  switches  between  stimulation  of  the  plantarflexor  and 
dorsiflexor  muscles  to  generate  either  positive  or  negative  moments,  as  required.  Control  of 
plantarflexing  moment  is  fast  and  accurate.  However,  when  switching  from  plantarflexing 
to  dorsiflexing,  tracking  is  considerably  slower.  The  reason  is  that  the  moment  controller 
is  designed  based  on  the  plantarflexor  model  with  the  highest  DC  gain  to  ensure  robust 
stability.  The  dorsiflexor  muscles  are,  however,  much  weaker,  resulting  in  a  much  lower 
loop  gain  which  then  results  in  poorer  tracking  performance.  Identification  results  have 
shown  that  the  DC  gain  of  the  dorsiflexor  muscles  is  about  a  quarter  of  the  DC  gain  of 
the  plantarflexor  muscles. 
The  fact  that  a  smaller  stimulation  of  the  dorsiflexors,  although  weaker,  than  of  the 
plantarflexors  is  required  to  achieve  the  same  moment  is  due  to  the  fact  that  the  subject 
produces  a  negative  moment  without  stimulation.  This  can  be  seen  at  the  beginning  of 
the  test  at  time  t=0  where  the  subject  produces  a  negative  moment  of  approximately 
-5  Nm.  Moreover,  the  change  in  the  tracking  performance  when  switching  from  plan- 
tarflexor  stimulation  to  dorsiflexor  stimulation  occurs  at  approximately  -5  Nm.  We  found 
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it  hard  to  eliminate  this  phenomenon,  due  to  small  movements  of  the  subject,  even  when 
held  tightly  by  the  safety  ropes. 
Figure  4.4  shows  another  test  of  moment  control  for  sinusoidal  reference  tracking.  This 
corresponds  more  closely  to  the  experimental  situation  of  this  study  and,  more  importantly, 
to  the  situation  of  standing  than  a  square  wave  tracking  does.  Here,  we  attempted  to 
make  maximum  stimulation  of  the  plantarflexor  and  the  dorsiflexor  muscles  equal.  Again, 
the  tracking  for  plantarflexor  stimulation  is  accurate  but  rather  poor  when  dorsiflexor 
stimulation  is  involved.  Furthermore,  the  difference  in  the  strength  of  either  muscle  group 
is  seen  from  the  fact  that  a  moment  of  25  Nm  is  produced  with  plantarflexor  stimulation 
of  approximately  200  µs  but  only  -15  Nm  with  the  same  dorsiflexor  stimulation. 
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Figure  4.4:  Closed-loop  moment  control  with  sinusoidal  reference  tracking  with  a  mean 
value  of  5  Nm  and  an  amplitude  of  ±20  Nm. 
4.6.2  Results  of  Test  AS 
Results  from  the  ankle  stiffness  control  test  are  shown  in  Figure  4.5.  The  body  was  fixed 
and  the  feet  were  wobbled  during  this  test.  The  desired  stiffness  was  Ks  =4  Nm/deg. 
The  top  graph  shows  the  ankle  angle  0,  measured  at  the  shaft  potentiometer.  The 
second  graph  shows  the  reference  moment  mre  f=  KO  (thin  line)  and  the  controlled 
moment  mtot  (bold  line).  The  desired  stiffness  value  of  4  Nm/deg  is  relatively  low,  and 
certainly  lower  than  values  which  would  be  required  for  standing.  However,  this  low  value 
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Figure  4.5:  Ankle  stiffness  control  (body  fixed,  feet  wobbled)  with  a  desired  stiffness  of 
Ks  =4  Nm/deg. 
was  selected  because  of  the  relatively  large  amplitude  of  the  ankle  angle  during  this  test 
and  the  need  to  constrain  the  reference  moment  to  within  a  physically  realisable  range. 
It  is  seen  that  the  controller  switches  stimulation  between  the  plantarflexors  and  dor- 
siflexors  (third  and  fourth  graph  of  Figure  4.5)  to  achieve  good  moment  tracking. 
The  bottom  graph  shows  the  actually  achieved  stiffness  at  the  ankle  joints,  ks  =B 
The  dots  mark  the  calculated  stiffness  at  the  sampled  time  instants.  For  this  graph,  the 
measured  signals  of  moment  and  angle  were  zero-phase-shift  digitally  filtered  (forward 
and  reverse  filtered)  by  a  Butterworth  filter  of  order  10  and  a  cut-off  frequency  of  1  Hz 
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in  order  to  eliminate  the  noise  from  the  data.  The  actually  achieved  stiffness  centres  well 
around  the  desired  value  of  KS  =4  Nm/deg.  Note  that  the  computation  of  the  actually 
achieved  stiffness  las  =e  is  sensitive  to  the  zero  crossing  of  8  and  the  bandwidth  of  the 
moment  loop  (cf.  equation  (4.6))  :  The  angle  and  the  moment  signal  cross  zero  at  slightly 
different  times  due  to  the  limited  bandwidth  of  the  moment  loop.  When  mtot  =0  and 
8$0  the  stiffness  k,  =  0.  On  the  other  hand,  when  0=0  and  urtot  ý0  the  stiffness 
las  -*  +oo,  assuming  the  bandwidth  of  the  control  loop  is  high  compared  to  the  frequency 
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Figure  4.6:  Detail  of  Figure  4.5.  Due  to  the  limited  bandwidth  of  moment  control  loop 
the  controlled  moment  and  the  angle  cross  zero  at  different  times.  The 
computed  stiffness  is  even  negative  for  short  intervals  (24  <t<  24.3  s, 
26.15<t<26.3s,  28.15  <t<  28.4  s). 
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Figure  4.7:  Stiffness  plot  in  the  phase  plane.  The  straight  line  represents  the  desired 
stiffness  of  4  Nm/deg. 
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of  the  moment  mtot  and  the  angle  0.  Figure  4.6  showing  a  detail  of  Figure  4.5  clarifies 
this  fact.  The  calculated  stiffness  is  even  negative  for  short  intervals. 
A  second  view  of  the  accuracy  of  stiffness  control  during  this  test  is  given  in  Figure  4.7 
which  is  a  scatter  plot  of  mtot  versus  9.  The  solid  line  in  this  plot  represents  a  "pure" 
stiffness  of  4  Nm/deg.  Again,  the  actually  achieved  stiffness  centres  well  around  the  desired 
value  of  4  Nm/deg.  The  hysteresis  is  due  to  the  dynamic  nature  of  the  controlled  stiffness 
which  does  not  exactly  obey  a  static  stiffness. 
4.6.3  Results  of  Test  SS 
Results  from  two  stiff  standing  tests  (body  free  to  move,  feet  fixed)  are  shown  in  Figure  4.8 
and  Figure  4.9,  respectively.  In  both  cases  the  desired  stiffness  was  chosen  as  K,  = 
20  Nm/deg.  The  top  graph  shows  the  body  angle  9.  The  bottom  graph  shows  the  estimated 
external  moment  (4.2)  applied  by  the  experimenter  when  holding  onto  the  body  brace. 
Results  for  the  subtest  SSa  are  shown  in  Figure  4.8.  Here,  the  experimenter  stands  in 
front  of  the  subject  holding  onto  the  body  brace  and  after  an  initial  phase  lasting  7s  the 
body  is  pulled  and  held  at  an  angle  of  approximately  +2  °.  The  experimenter  releases 
the  body  at  time  tN  14  s.  The  high  plantarflexor  moment  of  50  Nm  (second  graph) 
pushes  the  body  rapidly  back  towards  the  neutral  position  and  at  this  point  (t  ti  15  s) 
the  experimenter  catches  the  body  to  prevent  it  from  falling  backwards,  re-stabilises  the 
subject,  and  returns  the  inclination  manually  to  around  2  °.  This  process  is  repeated 
at  times  t  .:  19  s  and  t-ý  24  s.  The  fact  that  the  subject  is  released  is  reflected  in  the 
estimated  hand  moment  (bottom  graph)  going  to  zero  during  the  release  periods.  It  was 
observed  during  the  experiment  that  if  the  experimenter  does  not  catch  the  subject  then  he 
falls  backwards  until  caught  by  the  safety  ropes.  The  dorsiflexor  muscles  will  be  stimulated 
due  to  the  required  negative  moment  but  these  muscles  are  not  strong  enough  to  pull  the 
body  forward  again.  This  can  be  understood  by  an  analysis  of  the  body  dynamics.  With 
a  stiffness  k,  present  at  the  ankle  joint,  the  inverted  pendulum  model  of  the  body  (4.1) 
becomes 
Gb(8)  _ 
6(s) 
M(s) 
-1 
J 
82  S-mom 
(4.8) 
The  poles  of  the  transfer  function  Gb(s)  change  from  real,  one  positive  one  negative, 
to  conjugate  complex  on  the  imaginary  axis  for  k,  >  mgl  (cf.  Figure  4.2).  For  J= 
70  kgm2,  rrm  =  70  kg,  1=1m  as  given  in  section  4.3,  this  corresponds  to  a  stiffness  value 
of  approximately  12  Nm/deg.  The  specified  stiffness,  however,  was  20  Nm/deg,  therefore 
resulting  in  oscillatory  behaviour. 
Figure  4.9  shows  results  for  subtest  SSb.  Good  moment  tracking  is  achieved  for 
forward-leaning  posture  (0  >  0,  for  t<  12  s  and  t>  21.5  s)  via  plantarflexor  stimula- 
tion.  The  actually  achieved  stiffness  las  (second  graph  from  the  bottom)  is  close  to  the 
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Figure  4.8:  Test  SSa.  Stiff  standing  control  with  K,  s  =  20  Nm/deg.  The  experimenter 
holds  the  subject  at  an  angle  of  +2°,  releases  the  body  at  t  ti  14  s  and  catches 
the  body  at  t  ý-  15  s.  This  is  repeated  at  tN  19  s  and  t  ý-  20  s. 
specified  value  of  K,  =  20  Nm/deg.  However,  when  the  subject  is  held  in  backward-leaning 
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Figure  4.9:  Test  SSb.  Stiff  standing  control  with  Ks  =  20  Nm/deg.  The  experimenter 
holds  the  subject  and  guides  it  manually  through  a  range  of  angles. 
posture,  the  weak  dorsiflexor  muscles  are  not  able  to  generate  the  required  moment.  There 
is  a  significant  difference  between  the  desired  and  the  requested  moment  during  the  time 
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periods  12.5  <t<  15  s  and  16.5  <t<  21.5  s  (second  graph  from  top)  while  the  dor- 
siflexor  stimulation  has  reached  its  maximum  value  of  400  µs.  During  these  periods  the 
desired  stiffness  level  of  20  Nm/deg  cannot  be  achieved.  However,  it  is  interesting  to  note 
that  with  constant,  maximal,  dorsiflexor  stimulation  the  stiffness  achieved  settles  on  an 
approximately  constant  level  of  around  5  Nm/deg.  These  two  stiffness  regimes  are  clearly 
reflected  in  the  phase  plane  plot  of  Figure  4.10. 
The  external  moment  is  positive  for  most  of  the  time  (Figure  4.9,  bottom  graph), 
indicating  that  the  experimenter  has  to  pull  the  subject  forward  regardless  of  whether  the 
subject  is  inclined  forward  or  backward.  When  the  subject  is  in  forward  leaning  posture, 
the  plantarflexor  muscles  tend  to  push  the  subject  backward  (cf.  Figure  4.8).  To  prevent 
this  the  experimenter  has  to  apply  a  positive  moment  (cf.  Figure  4.1).  However,  when 
the  subject  is  leaning  backwards,  the  dorsiflexor  muscles  are  not  strong  enough  to  pull 
the  subject  forward  again.  Therefore,  the  experimenter  has  to  apply  a  positive  moment 
in  order  to  prevent  the  subject  from  falling  backwards. 
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Figure  4.10:  Stiffness  plot  in  the  phase  plane.  The  straight  lines  represent  the  desired 
stiffness  of  20  Nm/deg  and  the  stiffness  of  5  Nm/deg  on  which  the  stiffness 
settles  when  dorsiflexor  stimulation  reaches  its  maximum  value  while  the 
requested  moment  cannot  be  achieved. 
4.6.4  Results  of  Test  EPC 
Results  for  Test  EPC  are  shown  in  Figure  4.11  and  Figure  4.13  for  two  different  value  of 
requested  stiffness  K,  10  Nm/deg  and  30  Nm/deg,  respectively.  The  experimenter  tries 
to  follow  an  online  generated  sinusoidal  reference  angle  while  holding  the  subject.  With  a 
requested  stiffness  of  Ks  =  10  Nm/deg  the  experimenter  manages  to  achieve  reasonable  an- 
gle  tracking  with  only  modest  external  hand  moments  me  of  up  to  20  Nm.  During  forward 
leaning  and  associated  plantarflexor  activity  good  moment  tracking  and  hence  stiffness 
ýýj 
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control  is  achieved.  On  the  other  hand,  the  weaker  dorsiflexor  muscles  quickly  saturate 
giving  a  significant  moment  tracking  error.  During  periods  of  dorsiflexor  saturation  it  can 
be  seen  that  the  effective  ankle  stiffness  has  a  value  of  around  5  Nm/deg  as  observed  in 
Test  SS.  This  is  also  reflected  in  the  stiffness  phase  plane  plot  in  Figure  4.12. 
During  periods  of  backward  leaning  and  associated  dorsiflexor  saturation,  the  required 
external  hand  moment  necessary  to  follow  the  reference  angle  is  smaller  the  larger  the  sub- 
ject's  own  contribution  to  the  total  moment  (i.  e.  the  moment  generated  by  stimulation), 
and  therefore,  the  larger  the  stiffness  generated  by  stimulation.  However,  the  moment  the 
subject  is  able  to  produce  decreases  during  the  course  of  the  trial  due  to  fatigue  resulting 
in  an  increased  hand  moment. 
Qualitatively,  the  experimenter  reported  that  the  task  was  easy  to  perform  at  this  level 
of  desired  stiffness. 
Results  for  Test  EPC  with  a  requested  stiffness  of  K,  =  30  Nm  are  shown  in  Figure  4.13. 
In  this  case  the  increased  stiffness  generates  much  higher  levels  of  demanded  ankle  moment 
of  up  to  60  Nm.  Good  moment  tracking  is  achieved  during  forward-leaning,  with  the 
effective  stiffness  approximately  equal  to  the  desired  value  of  30  Nm/deg.  While  backward- 
leaning,  the  dorsiflexors  again  quickly  saturate  giving  large  moment  tracking  errors  and 
a  stiffness  value  around  only  5  Nm/deg  (cf.  Figure  4.14).  The  time  history  of  the  actual 
ankle  stiffness  (cf.  Figure  4.13,  second  graph  from  bottom)  shows  negative  values  during 
periods  of  dorsiflexor  stimulation.  However,  the  moment  plot  shows  the  subject  does  not 
produce  a  negative  moment  while  the  angle  and,  hence,  the  reference  moment  is  negative. 
An  explanation  for  that  can  be  found  again  in  a  shift  of  the  moment  offset,  which  is 
generated  by  the  weight  of  the  subject,  due  to  small  movements  of  the  subject. 
The  experimenter  described  this  angle  tracking  task  as  very  difficult,  and  this  is  pre- 
sumably  due  to  the  large  hand  moments  required  (up  to  40  Nm-see  the  bottom  graph 
in  Figure  4.13).  The  difficulty  reported  by  the  experimenter  can  be  supported  by  the 
following  consideration:  With  the  approximation  of  the  hand  moment  according  to  (4.2) 
and  mtot  =  k39,  the  hand  moment  becomes 
me  kS9-mogle  =  (k3  -  mgl)e.  (4.9) 
It  can  be  seen  that  me  becomes  minimal  for  las  =  mgl  which  corresponds  to  a  value  of 
k,  ý-  12  Nm/deg  for  the  physical  parameters  of  the  subject  as  given  above. 
Furthermore,  it  can  be  seen  from  Figure  4.1  that  if  0>0  and  me  <  0,  or  if  0<0 
and  me  >  0,  the  hand  moment  acts  "stabilising",  moving  the  body  towards  the  neutral 
position  of  9=0.  On  the  other  hand,  if  the  angle  0  and  the  hand  moment  me  have  the 
same  sign,  the  hand  moment  acts  "disturbing",  moving  the  body  away  from  the  neutral 
position. 
Defining  the  directional  hand  moment  me  as  me  =  mesgn(9)  these  conditions  can  also 
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Figure  4.11:  Test  EPC.  The  experimenter  holds  the  subject  and  tries  to  follow  an  online 
generated  reference  angle.  Stiffness  specified  as  K,  =  10  Nm/deg. 
be  expressed  as 
facts 
stabilising,  if  me  <0 
Tn.  (4.10) 
acts  disturbing,  if  me  >0 
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Figure  4.12:  Stiffness  plot  in  the  phase  plane  for  test  EPC  with  K,  =  10  Nm/deg.  The 
straight  lines  represent  the  desired  stiffness  of  10  Nm/deg  and  the  stiffness 
of  5  Nm/deg. 
Furthermore,  we  can  define  the  nominal  directional  hand  moment  7n  d,  as 
m,,  nom  =  (K3O 
-  rrcgl8)sgn(O)  =  (K3  -  mgl)Osgn(e),  (4.11) 
which  describes  the  hand  moment  which  would  be  required  to  follow  the  angle  trajectory 
0Te  f  if  the  stiffness  control  were  ideal,  i.  e.  the  transfer  function  for  moment  reference 
tracking  is  G' 
y/r(q-1)  =  1.  An  analysis  of  (4.11)  shows  that  for  a  nominal  stiffness  value 
of  KS  <  mgl  the  nominal  directional  hand  moment  7I2e,  nom 
is  always  negative  (since 
Osgn(9)  is  always  positive),  indicating  that  an  external  moment  is  required  to  stabilise 
the  body  at  all  times.  Conversely,  when  K,  >  'n-91,  rne,  nom 
is  always  positive,  so  that 
(nominally)  an  external  moment  is  always  required  to  actively  move  the  body  away  from 
the  neutral  position  (cf.  (4.10)).  Figure  4.15  shows  a  graph  of  both  quantities  me  and 
me,  nom 
in  connection  with  the  angle  tracking  graph.  In  Figure  4.15(a)  the  stiffness  is 
specified  as  10  Nm/deg  and,  therefore,  below  the  critical  value  of  12  Nm/deg.  The  nominal 
and  actual  directional  hand  moment  are  always  negative  which  means  that  the  hand 
moment  is  required  to  stabilise  the  body  at  all  times.  In  Figure  4.15(b)  the  stiffness  is 
specified  as  30  Nm/deg  and,  therefore,  above  the  critical  value  of  12  Nm/deg.  The  nominal 
hand  moment  is  always  positive  which  means  that,  theoretically,  the  hand  moment  is 
required  to  actively  move  the  body  away  from  the  neutral  position,  or,  in  other  words, 
to  "perturb"  the  body.  However,  the  actual  directional  hand  moment  estimated  from 
the  measured  moments  is  only  positive  for  positive  angle,  i.  e.  during  periods  of  forward- 
leaning  when  the  plantarflexor  muscles  are  stimulated.  For  negative  angle,  i.  e.  during 
periods  of  backward-leaning  when  the  dorsiflexor  muscles  are  stimulated,  the  directional 
hand  moment  is  negative  which  means  that  the  subject  is  now  being  actively  stabilised 
86 
-2  024 
angle  0  [deg] Chapter  4:  Control  of  Ankle  Joint  Stiffness 
... 
ýn  2 
-o 
ý, 
ö 
4.6  Experimental  Results 
... 
05  10  15  20  25  30 
60  .....  ....... 
öo...  ........  ..  _.. 
......  -60  ....... 
05  10  15  20  25  30 
400 
o  u 
200 
a  ä0 
05  10  15  20  25  30 
400 
0 
V  4ý  200 
7 
0 
05  10  15  20  25  30 
ou 
z  30 
ým 
0 
on 
-LV0  5  10  15  20  25  30 
40  ................  .......  ............  ....  .............. 
0  20  :... 
0  ...... 
05  10  15  20  25  30 
time  [s] 
Figure  4.13:  Test  EPC.  As  in  Figure  4.11  but  for  K,  =  30  Nm/deg. 
towards  the  neutral  position.  Thus,  the  requirements  for  application  of  external  moment 
depend  crucially  on  the  ability  of  the  muscles  to  deliver  the  nominal  moments. 
Table  4.1  shows  the  arithmetic  mean  value  of  the  directional  hand  moments  rne,  nam 
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Figure  4.14:  Stiffness  plot  in  the  phase  plane  for  test  EPC  with  Ks  =  30  Nm/deg. 
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(b)  Specified  stiffness  Ks  =  30  Nm/deg. 
Figure  4.15:  Estimated  directional  hand  moments  me 
, nom  and  and  during  test  EPC,  cf. 
Figure  4.11  and  Figure  4.13. 
and  me  corresponding  to  Figure  4.15.  A  negative  value  means  that,  overall,  stabilising 
action  is  required  while  a  positive  value  means  that  the  hand  moment  acts  "perturb- 
ing".  The  difference  between  the  nominal  value  , 
EN 
1  me,  nor,,, 
(k)  and  the  actual  value 
N  X: 
N  1  me  (k)  is  an  indication  of  the  overall  quality  of  the  stiffness  control  and  is  mainly 
due  to  the  weakness  of  the  dorsiflexor  muscles. 
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Ks  [Nm/deg] 
r>1 
me, 
nom  (k)  [NMI  N 
Ek-1 
me  (k) 
[Nm] 
10  -2.61  -6.43 
30  20.2  1.76 
Table  4.1:  Arithmetic  mean  value  of  the  directional  hand  moment. 
4.7  Conclusions  (Intact  Subject) 
The  experiments  with  the  intact  subject  show  that  ankle  stiffness  can  be  controlled  using 
FES  via  feedback  control  of  the  muscle  moment.  Consequently,  the  achievable  stiffness 
is  not  static  in  nature  but  dynamic  as  is  it  governed  by  the  properties  of  the  moment 
control  loop.  This  is  expressed  in  our  results  in  the  hysteresis  characteristic  evident  in 
the  angle-moment  phase  plots.  The  ankle  stiffness  control  scheme  as  proposed  in  this 
chapter  includes  stimulation  of  both  the  plantarflexor  and  dorsiflexor  muscles.  While  it 
is  well  known  that  the  dorsiflexor  muscles  are  significantly  weaker  than  the  plantarflexor 
muscles  (experiments  showed  that  the  DC  gain  of  the  dorsiflexor  muscles  is  about  25%  of 
the  DC  gain  of  the  plantarflexor  muscles)  the  control  design  is  based  only  on  the  model 
of  the  plantarflexor  muscles  with  the  highest  DC  gain  in  order  to  ensure  robust  stability. 
However,  this  results  in  a  considerable  loss  of  performance  when  dorsiflexor  stimulation 
is  involved.  An  improved  design  as  described  in  section  2.5  involves  a  design  based  on 
the  dynamic  properties  of  both  the  plantarflexor  and  dorsiflexor  muscles.  However,  it  is 
noted  that  it  depends  very  much  on  the  physical  constitution  of  the  subject  whether  that 
approach  can  be  employed.  In  the  absence  of  control  signal  saturation  accurate  stiffness 
control  is  achieved  in  the  steady  state  case  since  we  included  integral  action  in  our  moment 
controller. 
It  has  been  shown  that  a  stiffness  feedback  alone  is  not  sufficient  to  stabilise  the  body. 
However,  this  study  did  not  focus  on  the  property  of  absolute  stability  but  rather  on  the 
degree  to  which  ankle  stiffness  can  facilitate  stability  by  external  control  of  the  body. 
Three  key  factors  have  been  identified  as  important  to  this  issue. 
1.  The  value  of  the  actual  achieved  stiffness  k8.  If  las  is  greater  than  the  critical  value, 
i.  e.  ks  >  rngl,  the  directional  hand  moment  acts  "perturbing",  and  we  therefore 
suggest  that  ankle  stiffness  then  eases  the  task  of  stabilising  the  body. 
In  fact,  the  analysis  of  the  root  locus  showed  that  at  a  stiffness  of  las  =  mgl  the 
poles  of  the  inverted  pendulum  change  from  real,  one  outside  the  unit  circle,  to  con- 
jugate  complex  located  outside  the  unit  circle,  resulting  in  oscillations  of  increasing 
amplitude  when  excited.  This  can  be  interpreted  as  ankle  stiffness  making  the  body 
"less"  unstable. 
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2.  The  bandwidth  of  the  ankle  moment  control  loop.  How  close  the  actual  achieved 
stiffness  ks  follows  the  requested  stiffness  Ks  mainly  depends  on  the  bandwidth  of 
the  moment  control  loop. 
3.  The  muscle  strength.  The  most  limiting  factor  has  been  found  as  the  ability  of  the 
muscle  to  deliver  the  requested  moments. 
Further  experiments  were  carried  out  with  a  paraplegic  subject  to  evaluate  these  findings. 
4.8  Experimental  Results  with  Paraplegic  Subject 
Results  are  given  here  for  the  paraplegic  subject  for  tests  M,  AS,  and  EPC.  We  do  not 
include  results  from  test  SS  -  during  sessions  with  this  subject  we  proceeded  directly  from 
test  AS  to  test  EPC  in  order  to  reduce  fatigue  effects.  In  any  case,  test  EPC  gives  a  more 
systematic  way  of  carrying  out  sub-test  SSb.  Again,  results  of  the  identification  procedure 
are  similar  to  those  reported  in  the  previous  chapter  as  the  same  subject  took  part  in  both 
studies  and  are  not  shown  here. 
4.8.1  Results  of  Test  M 
A  result  of  closed-loop  moment  control  is  shown  in  Figure  4.16. 
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Figure  4.16:  Closed-loop  moment  control  (cf.  Figure  4.4  for  intact  subject). 
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The  tracking  accuracy  is  qualitatively  similar  to  that  for  the  intact  subject  (cf.  Fig- 
ure  4.4).  A  dead  zone  can  be  identified  around  the  switching  instants.  This  is  due  to 
the  low  pulsewidth  levels  involved  which  are  obviously  below  the  threshold  of  the  mus- 
cle.  It  should  be  noted  that  the  magnitude  of  the  sinusoidal  reference  moment  is  half  of 
that  used  for  the  intact  subject,  and  that  the  stimulation  current  was  set  to  120  mA  here 
(for  comparison,  60  mA  for  the  intact  subject).  This  is  a  reflection  of  the  relatively  weak 
paraplegic  muscles.  It  should  be  noticed  again  that  the  neutral  moment  line  (the  moment 
produced  without  stimulation)  is  negative  (approximately  -3  Nm). 
4.8.2  Results  of  Test  AS 
Test  AS  was  first  carried  out  without  stimulation  in  order  to  determine  the  natural  ankle 
stiffness.  Thus,  the  ankles  were  wobbled  and  the  resulting  passive  ankle  moment  measured. 
Results  of  this  test  are  shown  in  Figure  4.17. 
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Figure  4.17:  Natural  ankle  stiffness  (body  fixed,  feet  wobbled)  with  no  stimulation  ap- 
plied. 
It  can  be  seen  the  produced  moment  is  approximately  proportional  to  the  wobbling 
angle.  However,  the  ankle  stiffness  calculated  from  the  measured  data  shows  there  is  a 
difference  between  plantarflexion  and  dorsiflexion.  When  dorsiflexing  (negative  angles)  the 
stiffness  centers  around  2  Nm/deg,  while  when  plantarflexing  the  stiffness  centers  around 
3  Nm/deg.  This  is  also  underlined  by  the  moment  plot.  The  produced  moment  is  higher 
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for  plantflexion  than  for  dorsiflexion.  The  two  stiffness  regimes  can  also  be  identified  in 
the  phase  plot  in  Figure  4.18.  Further  analysis  shows  that  the  natural  ankle  stiffness  fits 
particularly  well  into  these  regimes  for  a  positive  angular  velocity.  Note  that  it  was  not 
possible  to  accurately  determine  the  natural  stiffness  in  this  way  for  the  intact  subject  due 
to  voluntary  interaction  from  the  intact  central  nervous  system. 
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Figure  4.18:  Stiffness  plot  of  natural  ankle  stiffness  in  the  phase  plane  (with  no  stim- 
ulation  applied).  The  two  straight  lines  represent  a  constant  stiffness  of 
2  Nm/deg  and  3  Nm/deg,  respectively. 
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Figure  4.19:  Stiffness  plot  in  the  phase  plane.  The  straight  lines  represent  the  desired 
stiffness  of  8  Nm/deg  and  the  natural  value  of  2  Nm/deg. 
Results  from  the  ankle  stiffness  control  test  are  shown  in  Figure  4.20  for  a  desired 
stiffness  value  of  Ks  =8  Nm/deg.  The  higher  value  compared  to  the  equivalent  test  with 
the  intact  subject  was  chosen  because  8  Nm/deg  is  a  more  realistic  value  when  it  comes 
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to  standing  [Matjacic  and  Bajd,  1998a,  b].  Good  moment  tracking  is  achieved  during 
plantarflexor  stimulation.  However,  the  moment  plot  shows  a  large  tracking  error  during 
dorsiflexor  stimulation  while  the  stimulation  signal  saturates  due  to  the  weakness  of  the 
dorsiflexor  muscles.  The  actually  produced  stiffness  (bottom  graph)  is  close  to  the  desired 
value  of  8  Nm/deg  during  periods  of  plantarflexor  stimulation.  However,  during  periods  of 
dorsiflexion,  when  the  control  signal  saturates,  the  actual  stiffness  settles  at  approximately 
2  Nm/deg,  the  inherent  natural  stiffness  during  dorsiflexion  (cf.  Figure  4.17).  This  suggests 
that  the  dorsiflexor  stimulation  has  very  little  effect. 
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Figure  4.20:  Ankle  stiffness  control  (body  fixed,  feet  wobbled)  with  a  desired  stiffness  of 
Ks  =8  Nm/deg. 
5  10  15  20  25  30 
93 Chapter  4:  Control  of  Ankle  Joint  Stiffness 
...  4.8  Experimental  Results 
... 
Figure  4.19  shows  the  achieved  stiffness  in  the  phase  plane,  revealing  a  significant 
hysteresis  (cf.  Figure  4.18).  The  hysteresis  results  from  the  dynamics  of  the  moment  loop 
as  well  as  from  the  inherent  hysteresis  found  when  stimulation  is  applied  (cf.  Figure  4.18). 
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Figure  4.21:  Test  EPC.  The  experimenter  holds  the  subject  and  tries  to  follow  an  online 
generated  reference  angle.  Stiffness  specified  as  Ks  =  10  Nm/deg. 
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4.8.3  Results  of  Test  EPC 
Two  tests  of  external  posture  control  are  shown  here  for  two  values  of  desired  stiffness. 
The  result  in  Figure  4.21  is  for  K,  =  10  Nm/deg  and  the  result  in  Figure  4.22  is  for  K,  = 
20  Nm/deg.  In  Figure  4.21  the  experimenter  achieved  very  good  tracking  of  the  online 
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Figure  4.22:  Test  EPC.  As  in  Figure  4.21  but  for  Ks  =  20  Nm/deg. 
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generated  reference  angle  Ore  f  (top  graph).  Accurate  moment  tracking  is  achieved  during 
periods  of  plantarflexor  stimulation.  Dorsiflexor  stimulation  saturates  quickly  resulting  in 
a  significant  moment  tracking  error.  The  specified  stiffness  (second  graph  from  bottom) 
is  achieved  during  periods  of  plantarflexor  stimulation  but  settles  at  around  2  Nm/deg 
during  periods  of  dorsiflexor  stimulation.  This  corresponds  to  the  inherent  ankle  stiffness 
exhibited  even  when  no  stimulation  is  applied  at  all,  suggesting  that  dorsiflexor  stimulation 
has  very  little  effect  (cf.  Figure  4.17).  These  two  stiffness  regimes  are  clearly  seen  in  the 
phase  plot  of  Figure  4.23.  Overall,  these  stiffness  control  results  reflect  the  behaviour  seen 
during  test  AS  above.  The  "hand  moment"  is  much  higher  during  periods  of  dorsiflexor 
stimulation,  up  to  30  Nm,  illustrating  the  higher  stabilising  effort  required  during  these 
periods  due  to  the  weak  dorsiflexor  muscles. 
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Figure  4.23:  Stiffness  plot  in  the  phase  plane  for  Ks  =  10  Nm/deg.  The  straight  lines 
represent  the  desired  stiffness  of  10  Nm/deg  and  the  natural  stiffness  of 
2  Nm/deg. 
Figure  4.22  shows  results  for  test  EPC  for  a  requested  stiffness  of  Ks  =  20  Nrn/deg. 
The  results  are  very  similar  to  those  for  a  requested  stiffness  of  K,  =  10  Nm/deg  (cf. 
Figure  4.21).  The  actual  controlled  stiffness  during  periods  of  a  non-saturated  stimulation 
signal  is  slightly  less  accurate  for  K3  =  20  Nm/deg  due  to  the  larger  required  moment 
and,  therefore,  to  the  larger  error  in  the  moment  control  (cf.  Figure  4.24  and  Figure  4.23). 
The  required  "hand  moments"  are  also  very  similar.  The  reason  is  that,  assuming  a  body 
mass  of  90  kg  for  the  paraplegic  subject,  the  critical  stiffness  is  ca.  15  Nm/deg.  This  is  the 
average  of  values  of  10  Nm/deg  and  20  Nm/deg.  However,  the  plot  of  the  directional  hand 
moment  (Figure  4.25)  shows  that  the  "hand  moment"  acts  mostly  "perturbing"  (positive 
values)  during  periods  of  forward  leaning  (positive  angle)  and  associated  plantarflexor 
stimulation  for  a  stiffness  of  20  Nm/deg  while  it  acts  stabilising  (negative  values)  at  all 
times  with  a  stiffness  of  10  Nm/deg.  Figure  4.25(b)  also  shows  that  the  nominal  directional 
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"hand  moment"  is  actual  "perturbing"  at  all  times  but  whether  this  is  really  the  case 
depends  on  the  ability  of  the  muscles  to  deliver  the  requested  moment. 
40 
z 
30 
20 
O 
10 
0 
0 
-10'  '" 
-4  -2  024 
angle  0  [deg] 
Figure  4.24:  Stiffness  plot  in  the  phase  plane  for  test  EPC  with  Ks  =  20  Nm/deg.  The 
straight  lines  represent  the  desired  stiffness  of  20  Nm/deg  and  the  natural 
stiffness  of  2  Nm/deg. 
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Figure  4.25:  Estimated  directional  hand  moments  me 
, nom  and  and  during  test  EPC,  cf. 
Figure  4.21  and  Figure  4.22. 
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4.9  Conclusions  (Paraplegic  Subject) 
The  results  have  shown  that  ankle  stiffness  can  be  controlled  by  means  of  FES  in  paraplegic 
subjects  via  feedback  control  of  the  muscle  moment.  However,  the  major  limitation  is  the 
ability  of  the  muscle  to  deliver  the  requested  ankle  moment.  This  is  particularly  evident 
in  the  dorsiflexor  muscles.  At  the  beginning  of  the  experimental  tests  we  identified  the 
inherent  ankle  stiffness  when  no  stimulation  is  applied  as  2  Nm/deg  when  dorsiflexing 
and  as  3  Nm/deg  when  plantarflexing.  However,  throughout  the  experimental  tests,  the 
achieved  ankle  stiffness  with  full  dorsiflexor  stimulation  did  not  significantly  increase.  This 
suggest  that  dorsiflexor  stimulation  had  no  effect.  The  subject's  dorsiflexor  muscles  were 
far  to  weak  to  produce  any  functional  response  to  the  artificial  stimulation.  Therefore,  a 
more  sophisticated  control  strategy  which  is  based  on  a  model  of  the  dorsiflexor  muscles, 
such  as  that  proposed  in  section  2.5,  is  simply  not  applicable  and  would  not  contribute 
any  improvement.  However,  it  should  be  noted  that  the  study  was  a  proof  of  feasibility 
carried  out  with  only  one  paraplegic  subject.  Better  results  might  be  obtained  with  a 
subject  in  better  physical  condition  regarding  his/her  paralysed  muscles. 
Nevertheless,  it  was  shown  that  accurate  stiffness  control,  limited  by  the  bandwidth  of 
the  moment  loop,  can  be  achieved  for  stiffness  values  with  relevance  for  standing  (approx- 
imately  10  Nm/deg)  as  far  as  the  plantarflexor  muscles  are  concerned.  Furthermore,  we 
showed  that  an  ankle  stiffness  above  the  critical  value  of  k,  >  rngl  has  a  stabilising  effect. 
Therefore,  we  suggest  that  an  increased  stiffness  generally  eases  the  task  of  stabilising  the 
body. 
The  subsequent  study  presented  in  the  next  chapter  tries  to  answer  the  question  of 
whether  a  paraplegic  subject  is  able  to  stand  supported  only  by  FES-controlled  ankle 
stiffness. 
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5.1  Summary 
Aim:  The  aim  of  this  study  was  to  investigate  the  feasibility  of  paraplegic  standing 
supported  by  FES-controlled  ankle  stiffness. 
Methods:  The  work  was  carried  out  using  the  "Multipurpose  Rehabilitation  Frame"  as 
described  in  section  2.3.  The  subject  was  allowed  to  stand  freely  and  asked  to  stabilise 
himself  with  his  upper  body,  while  his  ankle  stiffness  was  controlled  artificially  by  FES. 
Results:  The  results  show  that  paraplegic  standing  can  be  achieved  using  FES-control- 
led  ankle  stiffness.  However,  when  FES  was  switched  off,  standing  was  no  longer  possible 
and  the  subject  lost  postural  stability. 
Conclusion:  The  paraplegic  subject  is  able  to  stand  and  is  able  to  train  his  balance 
using  FES-controlled  ankle  stiffness.  It  was  shown  that  FES-controlled  ankle  stiffness 
clearly  contributes  to  the  task  of  stabilising  the  body.  This  work  has  been  submitted 
for  publication  in  IEEE  Transactions  on  Neural  Systems  and  Rehabilitation  Engineering 
[Jaime  et  al.  ].  A  shorter  version  was  presented  at  the  IFESS  Conference  2001  [Jaime  et 
al.,  2001]. 
Contribution:  This  work  is  the  outcome  of  the  author's  collaboration  with  the  Cen- 
ter  for  Sensory-Motor-Interaction  at  Aalborg  University  in  Denmark.  The  experimental 
approach  is  unique  and  represents  a  novel  contribution  to  the  literature.  The  author  devel- 
oped  the  methods,  implemented  the  experimental  software,  and  ran  the  experiments.  The 
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work  was  supported  by  the  European  Commission  with  a  Marie  Curie  Fellowship  which 
allowed  the  author  a  3-month  research  visit  to  the  Center  for  Sensory-Motor-Interaction 
at  Aalborg  University. 
5.2  Motivation 
The  single-link  inverted  pendulum  approach  towards  standing  described  in  Chapter  3 
provides  a  useful  tool  for  fundamental  studies  of  unsupported  standing,  but  its  practical 
application  is  limited.  The  approach  imposes  restrictions  to  the  subject's  freedom  of 
movement  by  rigid  and  rather  conservative  simplifications.  Also,  it  is  only  natural  to 
take  advantage  of  the  residual  sensory-motor  faculties  of  the  individual  concerned  and  to 
integrate  them  into  the  control  strategy.  We  call  this  "integrated  voluntary  control". 
Matjacic  and  Bajd  [1998a,  b]  proposed  a  control  scheme  for  standing  based  on  artifi- 
cially  controlled  ankle  stiffness  while  utilising  voluntary  and  reflex  activity  of  the  paraplegic 
subject's  upper  body.  The  subject  stood  in  an  apparatus  similar  to  that  described  in  sec- 
tion  2.3.  However,  the  freedom  of  movement  was  restricted  to  the  sagittal  plane.  The 
subject's  knees  were  mechanically  locked  but  the  subject  was  free  to  move  his  upper  body. 
In  this  setup  the  subject  was  effectively  behaving  like  a  double-link  inverted  pendulum. 
The  ankle  stiffness  was  provided  by  a  hydraulic  actuator.  Furthermore,  they  also  provided 
cognitive  auditory  feedback  about  the  inclination  of  the  lower  body.  The  subject  was  re- 
quired  to  use  upper  body  movement  to  stabilise  himself  while  standing  in  the  apparatus 
without  any  arm  support.  One  neurologically  intact  and  one  paraplegic  subject  with  a  le- 
sion  at  level  T12  participated  in  their  study.  Matjacic  and  Bajd  found  that  the  paraplegic 
subject  was  able  to  maintain  balance  and  even  to  recover  from  small  disturbances  (50  Nm, 
applied  for  100  ms)  when  an  ankle  stiffness  of  8  Nm/deg  was  provided.  The  results  were 
later  confirmed  and  extended  to  the  coronal  plane  and  sagittal  plane  simultaneously  when 
stiffness  was  provided  around  the  hips  and  ankle  by  hydraulic  actuators  [Matjacic  et  al., 
2000]. 
In  a  further  study,  Matjacic  suggested  that  the  postural  response  of  an  intact  subject 
to  disturbances  could  be  approximately  modelled  as  a  static  stiffness  in  the  ankle  joints 
for  disturbances  in  the  sagittal  plane  and  in  the  hips  for  disturbances  in  the  coronal  plane 
[Matjacic,  2001].  The  values  of  stiffness  found  were  17  Nm/deg  for  forward  directed  dis- 
turbances  involving  plantarflexor  activity,  13  Nm/deg  for  backward  directed  disturbances 
involving  dorsiflexor  activity,  and  15  Nm/deg  for  sideways  directed  disturbances  involving 
activity  of  the  hip  muscles. 
Our  approach  was  to  substitute  the  hydraulic  actuator  by  closed-loop  FES  incorpo- 
rating  stimulation  of  the  plantarflexor  and  dorsiflexor  muscles.  A  frame  controlled  by  a 
100 Chapter  5:  Integrated  Voluntary  Control 
...  5.3.  Experimental  Setup 
hydraulic  actuator  is  a  beneficial  experimental  environment  to  study  the  feasibility  of  a  cer- 
tain  principle  or  control  strategy  or  for  balance  training  purposes.  However,  it  is  unwieldy 
for  daily  life  situations  where  mobility  is  required.  Compared  with  that  FES  provides  more 
flexibility  and  independence  especially  when  it  comes  to  an  implanted  system.  Further- 
more,  FES  has  a  greater  potential  to  extend  the  system  towards  more  functionality.  Also, 
the  approach  can  be  widened  to  a  full  impedance  control  of  the  ankle  joint,  i.  e.  controlling 
not  only  the  stiffness  but  also  the  viscosity  and  inertia  of  the  ankle  joint. 
Bearing  in  mind  that  there  are  inherent  limitations  to  moment  tracking  using  hydraulic 
actuators  due  to  the  internal  feedback  of  the  load  velocity  (cf.  section  2.3.5)  the  achievable 
bandwidth  of  stiffness  control  is  not  necessarily  higher  using  hydraulic  actuators  than  when 
provided  by  FES  (at  least  for  the  nominal  system).  However,  as  the  feasibility  study  on 
ankle  stiffness  control  reported  in  the  previous  chapter  shows,  the  major  limiting  factor 
for  controlling  ankle  stiffness  by  FES  is  the  ability  of  the  muscles  to  deliver  the  requested 
moment.  Furthermore,  any  FES  system  is  generally  affected  by  fatigue  and  spasticity, 
while  an  "artificial"  ankle  joint  controlled  by  an  hydraulic  system  is  not.  Therefore,  the 
following  questions  arise: 
1.  Is  the  quality  of  ankle  stiffness  control  by  FES  sufficient  to  facilitate  unsupported 
standing  -  without  any  arm  support  -  in  the  presence  of  limited  muscle  strength  and 
fatigue? 
2.  Can  both  control  systems,  the  FES  system  and  the  CNS,  act  in  concert  to  accomplish 
standing? 
5.3  Experimental  Setup 
The  experimental  apparatus  employed  for  the  study  reported  in  this  chapter  -  called  the 
"Multipurpose  Rehabilitation  Frame-MRF'  is  described  in  section  2.3. 
The  frame  provides  two  degrees  of  freedom,  i.  e.  sagittal  and  coronal  planes.  It  supports 
the  subject  around  the  pelvis  and  permits  motion  in  a  range  of  +18°  around  the  vertical 
position  in  both  planes.  Two  hydraulic  actuators  can  independently  control  the  frame  in 
either  of  the  two  planes  of  motion.  The  hydraulic  actuators  can  be  regarded  as  artificial 
ankle  and  hip  joints,  respectively. 
The  subject  stood  on  two  force  plates  allowing  independent  measurement  of  the  left 
and  right  ground  reaction  forces  and  moments.  The  subject's  feet  can  be  positioned  using 
cylindrical  pegs  on  two  aluminium  blocks  containing  a  grid  of  holes.  The  subject's  knees 
were  mechanically  braced  by  a  leather  belt.  While  standing  in  the  frame  the  subject 
behaved  effectively  like  a  double-link  inverted  pendulum.  The  subject  in  our  study  was 
not  able  to  keep  his  upper  body  upright  without  holding  on  to  the  frame  as  shown  in 
Figure  5.1  due  to  his  high  level  of  lesion  (T5)  and  his  weak  trunk  muscles.  But  since  the 
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frame  is  moving  with  the  subject's  lower  body,  this  does  not  prevent  the  subject  from 
falling  over  and  requires  active  balancing  to  maintain  standing. 
>. 
ý'E': 
Figure  5.1:  Paraplegic  subject  (T5)  balancing  while  standing  in  the  MRF,  with  FES  at 
the  ankle  joints. 
The  angle  of  inclination  in  both  the  sagittal  and  coronal  planes  was  measured  by  a 
potentiometer.  For  the  experiments  presented  in  this  chapter  the  mobility  of  the  frame 
was  restricted  to  the  sagittal  plane  by  a  high  value  of  stiffness  in  the  coronal  plane  provided 
by  the  hydraulic  servo  system. 
The  overall  standing  strategy  is  shown  in  Figure  5.2. 
While  the  upper  body  is  still  under  voluntary  control  by  the  CNS,  the  lower  body  is 
supported  by  FES-controlled  ankle  stiffness.  The  inclination  angle  of  the  lower  body  0 
is  measured  by  the  potentiometer  mounted  to  the  frame  and  multiplied  by  the  desired 
value  of  ankle  stiffness  KS  (typically  10  Nm/deg)  which  yields  the  total  reference  moment 
rref,  tot.  The  total  reference  moment  is  distributed  between  the  left  and  right  ankles 
following  the  relative  load  distribution  according  to  (5.1)  and  (5.2): 
mre  f,  l  =  mre  f,  tot 
5.1)  Fz'l 
Fz,  l  +  Fz, 
r 
f,  tot  ý 
5.2  m 
F'z'r 
mre  ) 
re  fr=F, 
z,  1  +  Fz, 
r 
where  F,  z,  l  and  F,  z,  r  are  the  vertical  components  of  the  ground  reaction  force  measured  by 
the  left  and  right  force  plates. 
Remark  1  For  the  experiments  reported  in  this  chapter  we  could  also  have  employed 
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CNS 
---------  -  ---  ---  -  -----  - 
ankle  moment  control 
[ 
mTe  f1  left  mt 
P-control 
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mre  ftot  reference 
distribution  mtat 
right 
----------------------------------------------------------  -  mre  f,  r  ankle  mT 
0 
Figure  5.2:  Block  diagram  of  ankle  stiffness  control  and  standing  strategy.  The  blocks 
labelled  "left  ankle"  and  "right  ankle"  are  closed-loop  controllers  for  the 
left  and  right  ankle  moment,  respectively  (cf.  sections  2.4  and  2.5). 
the  SISO  approach  for  the  total  ankle  moment  as  utilized  for  the  experiments  reported 
in  Chapter  3  and  Chapter  4.  However,  our  original  intention  was  also  to  implement  hip 
stiffness  control  to  facilitate  stability  in  the  frontal  plane.  Then,  balancing  would  involve 
continuous  load  shifting  from  one  leg  to  the  other  and  an  equal  stimulation  of  both  legs 
regardless  of  the  contributed  moment  of  either  leg  would  no  longer  be  desirable.  However, 
hip  stiffness  control  had  to  be  abandoned  due  to  the  subject's  weak  muscles.  This  issue  is 
further  discussed  in  Chapter  6. 
The  partial  ankle  moments  rare  f,  l  and  mre  f,,.  are  under  closed-loop  control.  A  pole 
assignment  approach  is  employed  separately  for  the  plantarflexor  and  dorsiflexor  muscle 
groups  of  each  leg  with  a  suitable  scheduling  strategy  (cf.  section  2.4  and  section  2.5, 
respectively).  Integral  action  is  employed  for  ankle  moment  control  as  we  are  mainly 
interested  in  accurate  moment  tracking.  i.  e.  0'(q-1)  =1-  q-1  (cf.  Figure  2.14). 
As  mentioned  in  the  previous  chapter  a  stiffness  control  approach  can  be  regarded 
as  a  proportional  control  for  the  inclination  angle  of  the  lower  body.  As  shown  on  the 
single-link  inverted  pendulum,  proportional  control  is  not  sufficient  for  stabilisation.  An 
external  moment  has  to  be  applied  by  the  experimenter.  Here,  that  "external"  moment 
is  implicitly  applied  via  the  internal  coupling  between  the  two  links  of  the  double-link 
inverted  pendulum  while  the  upper  link  (upper  body  half)  is  still  under  voluntary  control 
by  the  CNS.  For  the  double-link  inverted  pendulum  configuration,  the  influence  of  an  ideal 
ankle  joint  stiffness,  i.  e.  when  the  transfer  function  from  mref,  tot  to  mtot  in  Figure  5.2  is 
unity,  has  been  analysed  in  great  detail  in  [Matjacic  and  Bajd,  1998a].  The  idea  behind 
this  setup  can  be  summarised  as  follows:  a  certain  ankle  stiffness  makes  stable  standing 
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easier  while  the  task  of  stabilising  is  left  to  the  paralysed  subject,  utilizing  his/her  residual 
motor-sensory  abilities. 
5.4  Experimental  Procedure 
The  experimental  procedures  can  be  summarised  as  follows: 
1.  Identification.  The  paraplegic  subject  stood  on  two  forceplates,  the  knees  being 
mechanically  locked  by  a  leather  belt  as  shown  in  Figure  5.1.  During  the  identifica- 
tion  procedure  the  frame  was  fixed  by  an  aluminium  bar  mounted  on  the  ceiling  in 
order  to  ensure  static  conditions  and  to  gain  better  results  from  the  identification 
procedure.  The  subject  was  asked  to  stand  still.  Test  C  and  Test  PRBS  (cf.  sec- 
tion  3.4)  were  carried  out  separately  for  the  plantarflexor  and  dorsiflexor  muscles  of 
both  the  left  and  right  legs. 
The  input/output  data  gained  from  the  PRBS  test  were  used  to  identify  a  local  linear 
transfer  function  at  the  stimulated  operation  point  for  each  muscle  group.  Following  the 
identification  procedure  and  assessment  of  the  quality  of  the  identified  models  a  moment 
controller  was  designed  for  each  muscle  group.  The  control  design  was  judged  on  the  basis 
of  the  closed-loop  frequency  responses  before  testing. 
2.  Test  M.  This  is  a  test  of  closed-loop  Moment  tracking.  It  was  carried  out  to  check 
whether  the  moment  feedback  loop  was  well  designed  and  working  properly  before 
a  series  of  standing  test  would  be  carried  out. 
3.  Test  B.  This  is  a  test  of  active  Balancing.  The  aluminium  bar  fixing  the  frame  was 
removed.  The  hydraulic  circuit  of  the  frame  was  switched  on.  The  frame  provided 
support  in  the  coronal  plane  by  a  stiffness  of  10  Nm/deg  in  order  to  restrain  the 
movement  to  the  sagittal  plane.  In  the  sagittal  plane  the  frame  provided  a  stiffness 
of  2  Nm/deg  in  order  to  compensate  the  load  imposed  by  the  weight  of  the  frame.  The 
frame  was  held  in  the  upright  position  by  the  experimenter.  Then  the  stimulation 
was  switched  on  and  the  subject  was  released  while  under  the  influence  of  closed-loop 
FES-controlled  ankle  stiffness.  In  order  to  maintain  standing  the  subject  was  forced 
to  balance  actively.  The  results  are  presented  in  chronological  order. 
5.5  Subject 
The  experiments  reported  here  were  performed  with  a  paraplegic  subject  with  a  complete 
lesion  at  T5.  The  subject  was  male,  38  years  of  age,  8  years  post  injury  and  psychologically 
and  physically  in  good  condition.  Prior  to  the  experiments  reported  here,  the  subject 
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right  leg 
underwent  the  following  sessions  in  the  course  of  this  study.  However,  the  subject  did  not 
undergo  a  special  muscle  training. 
"  Three  sessions  of  balance  training.  First,  the  subject  underwent  several  training 
sessions  where  the  appropriate  level  of  stiffness  around  the  ankles  was  maintained 
by  the  frame.  This  enabled  the  subject  to  learn  how  to  use  the  upper  body  for 
balancing  at  a  stiffness  level  of  8  Nm/deg.  The  subject  gained  adequate  balancing 
skills  after  three  sessions  of  balancing  that  lasted  up  to  half  an  hour.  FES  was 
introduced  after  the  initial  three  sessions. 
"  One  session  of  plantarflexor  moment  control  (i.  e.  "Identification"  and  "Test  N411, 
above). 
"  Two  sessions  of  standing  under  FES-controlled  ankle  stiffness  (i.  e.  "Identification", 
"Test  M" 
,  and  "Test  B",  above).  The  results  presented  in  this  chapter  are  from  the 
second  standing  session. 
5.6  Experimental  Results 
5.6.1  Results  of  Test  C 
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Figure  5.3:  Results  of  Test  C  with  a  current  of  60  mA.  The  plantarflexor  and  dorsiflexor 
tests  were  carried  out  separately.  The  plantarflexor  moment  decreases  for 
high  stimulation  levels  due  to  the  lifting  of  the  heels. 
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The  results  of  Test  C  can  be  seen  in  Figure  5.3.  The  test  was  carried  out  separately  for 
plantarflexor  and  dorsiflexor  muscles,  but  the  data  are  presented  together  in  Figure  5.3. 
Test  C  was  carried  out  with  a  current  amplitude  of  60  mA  for  each  muscle  group.  It 
can  be  seen  that  there  is  an  asymmetry  between  the  left  and  right  legs.  Furthermore, 
the  dorsiflexor  muscles  are  considerably  weaker  than  the  plantarflexor  muscles.  It  can 
clearly  be  seen  that  the  produced  moment  starts  rising  once  a  certain  threshold  is  passed. 
The  plantarflexor  moment  decreases  again  at  higher  stimulation  levels.  This  is  due  to 
lifting  of  the  heels  that  occurred  at  high  stimulation  levels  since  the  feet  were  only  held 
in  position  for  correct  forceplate  measurements  but  not  mechanically  held  down.  This 
corresponds  to  the  natural  situation  of  standing.  Taking  the  stimulation  threshold,  heel 
lift  and  the  gained  moment  into  account  the  stimulation  amplitude  was  set  to  60  mA  for 
all  four  muscles  during  the  further  course  of  the  experiment.  We  noted  that  the  lower  leg 
muscles  of  our  patient  were  quite  strong  taking  into  account  that  he  did  not  undergo  any 
particular  muscle  training. 
5.6.2  Results  of  Test  PRBS 
Results  of  Test  PRBS  are  presented  in  Figure  5.4.  The  test  was  carried  out  for  a  mean 
level  of  150  µs  (bold)  and  once  repeated  for  a  mean  level  of  200µs  (thin).  Each  test  lasted 
for  20  seconds.  The  stimulation  was  not  further  increased  because  we  knew  from  previous 
experience  that  the  muscles  have  a  higher  DC-gain  at  low  stimulation  levels.  This  is  due 
to  the  inverse  recruitment  pattern  for  artificial  stimulation.  The  identified  model  with  the 
higher  DC-gain  would  later  be  used  for  the  controller  design.  The  first  5  seconds  of  the 
test  were  omitted  when  performing  the  estimation  of  the  transfer  function  to  exclude  the 
transient  response  at  the  beginning  of  each  stimulation  cycle.  There  are  also  disturbances 
to  be  seen  in  the  muscle  response.  They  may  be  the  result  of  spasticity  or  the  influence  of 
the  upper  body.  This  observation  emphasises  the  importance  of  fixing  the  frame  during 
the  identification  process. 
5.6.3  Identification 
Based  on  the  input/output  data  from  Test  PRBS  we  identified  two  local  second-order  linear 
time-invariant  transfer  functions  for  each  muscle  group  using  the  least  squares  criterion. 
The  results  of  the  estimation  process  for  both  muscle  groups  are  similar  in  nature  to 
the  results  from  the  "Wobbler"  experiments  shown  in  Figure  3.30  on  page  63.  They  are 
summarised  in  Table  5.1.  The  model  with  the  highest  DC  gain  was  used  for  the  control 
design  as  this  choice  improves  robustness  against  fatigue  and  variations  of  the  operating 
point.  The  model  of  the  right  dorsiflexor  muscles  at  150  us  seems  to  be  inconsistent  with 
the  other  models  and  might  be  affected  by  modelling  errors.  Reasons  for  this  have  been 
pointed  out  above.  Nevertheless  this  model  was  used  for  controller  design  as  that  error 
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Figure  5.4:  Results  of  Test  PRBS.  The  bold  lines  in  the  moment  plots  correspond  to 
the  bold  line  in  the  pulsewidth  plot.  The  two  PRBS  signals  for  each  side 
were  applied  to  both  muscle  groups  on  that  side  in  separate  tests,  hence  four 
moment  plots  for  each  side  are  shown. 
does  not  endanger  robust  stability  of  the  moment  loop. 
muscle  group 
pulsewidth  transfer  function  Gp(q-1)  rise  time  DC  gain 
[PSI  [s]  [Nm/µs] 
plantarflexor  left  150  0.770.10-2g-1 
2  1  0.87  0.09  +0.27  q-  1-1.189q- 
200 
1.369.10-2q-1  54  0  12  0  1-1.213q-1-ß0.327q-2  .  . 
l  fl  i  ht  t  150  0.717.10-2g-1  74  0  0  08  p  an  exor  r  g  ar  2  1-1.251q-  +O.  336q-  .  . 
200 
0.706.10-2q-1  0.58  0.06  2  1-1.166q-  +0.283q- 
l  f  ifl  d  150  -0.336.10-2g-1  73  0  -0  04  exor  e  t  ors  1-1.175q-1+0.272q-2  .  . 
200  -°.  447.10-2q-1  0  41  02  -0  -  -  .  .  +0.062q  1-0.689q 
h  150  -1  -0.839.10-2q  22  0  04 
-0  t  dorsiflexor  rig  -  1  221  -1  0  415  1  '  '  q  -  .  q  +  . 
200  -0.441.10-2q-1  38  0  02  -0  -  -1  .  .  +0.142q  1-0.939q 
Table  5.1:  Identification  results.  The  transfer  function,  rise  time  and  DC  gain  for  each 
model.  The  highlighted  models  were  selected  for  control  design. 
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5.6.4  Results  of  Test  M 
The  results  of  typical  moment  controller  tests  are  shown  in  Figure  5.5.  The  plots  in  the 
upper  row  show  the  reference  moment  (thin  line)  and  the  controlled  moment  (thick  line). 
The  reference  moment  was  a  ±5  Nm  square  wave  signal  that  was  distributed  between  the 
left  and  right  legs  according  to  the  current  load  distribution.  The  plantarflexor  stimulation 
signal  is  presented  in  the  middle  row.  The  plots  in  the  row  below  show  the  dorsiflexor  stim- 
ulation  pulsewidth.  It  can  be  seen  from  the  left  leg  moment  plot  that  switching  between 
plantarflexor  and  dorsiflexor  muscles  occurs  at  a  slightly  negative  moment.  Therefore,  the 
moment  step  required  from  the  plantarflexor  muscles  is  higher  than  the  moment  step  re- 
quired  from  the  dorsiflexor  muscles  due  to  offsets.  This  explains  why  a  higher  stimulation 
is  required  for  the  plantarflexors  than  for  the  dorsiflexors  although  the  plantarflexors  are 
stronger  than  the  dorsiflexors. 
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Figure  5.5:  Muscle  moment  control  test.  Control  design  parameters  are  tm  =  0.5  s  and 
tm  =  0.7  s  for  the  left  and  right  plantarflexor  muscle,  respectively;  tm  =  0.7  s 
and  tm  =  0.3  s  for  the  left  and  right  dorsiflexor  muscle,  respectively.  All 
observer  rise  times  were  set  to  t'  =  0.15  s,  all  tracking  rise  times  (specified 
by  the  pre-filter)  were  set  to  t.  '  =  0.2  s.  All  damping  factors  were  set  to 
=  0.999. 
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5.6.5  Results  of  Test  B 
A  typical  standing  trial  is  shown  in  Figure  5.6.  After  the  stimulation  was  switched  on 
the  subject  was  released  and  was  balancing  on  his  own  under  the  influence  of  the  FES 
controlled  ankle  stiffness.  The  stiffness  was  set  at  10  Nm/deg.  The  frame  provided  a 
stiffness  of  10  Nm/deg  in  the  frontal  plane  (restraining  movement  only  to  the  sagittal 
plane)  and  2  Nm/deg  in  the  sagittal  plane  i  n  order  to  compensate  the  load  imposed  by 
the  weight  of  the  frame. 
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Figure  5.6:  First  successful  standing  trial.  Specified  stiffness  K,  s  =  10  Nm/deg.  The 
angle  plots  are  the  same  for  the  left  and  right  sides. 
The  graphs  on  the  top  show  the  inclination  angle  of  the  frame,  i.  e.  the  lower  body 
8s  in  the  sagittal  plane  (cf.  Figure  5.2).  The  plots  are  identical  for  the  left  and  right 
legs.  The  plots  in  the  second  row  show  the  moment  tracking  control.  These  plots  are 
different  for  the  left  and  right  leg  as  the  distribution  of  the  reference  moment  mre  f,  tot  (cf. 
Figure  5.2)  depends  on  the  current  load  distribution  between  the  two  legs  (cf.  equation 
(5.1)  and  (5.2)).  The  third  row  shows  the  associated  plantarflexor  stimulation  while  the 
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bottom  graphs  show  the  dorsiflexor  stimulation  for  both  the  left  and  right  legs.  Impor- 
tantly,  in  this  test  the  angle  of  inclination  remained  bounded  to  less  than  ±5°  over  the 
entire  duration  of  the  test,  indicating  the  ability  of  the  subject  to  successfully  balance 
for  the  duration  of  one  minute.  The  moment  plots  reveal  that  the  dorsiflexor  muscles, 
although  weaker  than  the  plantarflexor  muscles,  are  able  to  produce  a  moment  of  10  Nm 
on  both  sides. 
The  time  history  of  the  achieved  stiffness  k3(k) 
k3(k)  =  mtot(k) 
Os  (k) 
is  shown  in  Figure  5.7. 
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Figure  5.7:  Controlled  stiffness  during  standing  trial  (cf.  Figure  5.6). 
(5.3) 
The  dots  mark  the  calculated  stiffness  at  the  sampled  time  instants.  The  measured 
signals  of  moment  and  angle  were  zero-phase-shift  digitally  filtered  by  a  Butterworth  filter 
of  10th  order  with  a  cut-frequency  of  1  Hz  in  order  to  eliminate  the  noise  from  the  data. 
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Figure  5.8:  Stiffness  plot  in  phase  plane.  The  straight  lines  indicate  a  stiffness  of 
10  Nm/deg  (desired  value)  and  6  Nm/deg. 
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Due  to  the  highly  dynamic  characteristics  of  the  standing  trial  (cf.  Figure  5.6),  there  is 
a  continuing  underachievement  in  stiffness  control.  The  accuracy  of  stiffness  control  is 
limited  by  the  closed-loop  bandwidth  of  the  moment  control  related  to  the  bandwidth  of 
standing.  For  a  general  discussion  of  the  appearance  of  the  controlled  stiffness  refer  to 
section  4.6.2. 
Another  representation  of  the  achieved  stiffness  is  shown  in  Figure  5.8  where  the  stiff- 
ness  is  plotted  in  the  phase  plane  as  moment  versus  angle.  The  reference  stiffness  of 
10  Nm/deg  as  well  as  a  stiffness  of  6  Nm/deg,  around  which  the  real  stiffness  approxi- 
mately  centres,  are  indicated  by  a  straight  line. 
Another  standing  trial  is  shown  in  Figure  5.9.  The  dotted  lines  in  the  angle  plot 
emphasise  the  decreasing  amplitude  of  the  sway  angle  6S.  This  suggests  that  the  subject 
is  learning  to  balance  better  during  the  experiment. 
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Figure  5.9:  Subsequent  standing  trial.  The  decreasing  amplitude  of  the  sway  angle  is 
emphasised  by  the  dotted  lines  in  the  angle  plots.  This  indicates  a  learning 
effect. 
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A  third  standing  trial  is  shown  in  Figure  5.10.  The  stiffness  was  reduced  to  8  Nm/deg 
in  order  to  avoid  constant  saturation  of  the  dorsiflexor  stimulation.  A  learning  process 
can  be  observed  again  in  the  first  40  seconds  of  this  trial.  The  subject  even  stood  still  for 
a  few  seconds  between  t=  35 
... 
42  s. 
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Figure  5.10:  Standing  trial.  The  specified  stiffness  was  reduced  to  8  Nm/deg  in  order  to 
avoid  permanent  saturation  of  the  control  signal. 
It  can  be  seen  from  Figure  5.11  that  during  the  period  of  static  standing  (t  =  35 
... 
42  s) 
the  specified  stiffness  of  KS  =8  Nm/deg  is  actually  achieved,  although  slightly  delayed 
relative  to  the  angle  signal  due  to  the  dynamic  properties  of  the  moment  control  loop.  The 
"more  static"  the  standing  the  better  the  stiffness  control.  Note,  the  subject  was  trained 
to  balance  at  a  stiffness  of  8  Nm/deg. 
A  final  standing  trial  is  shown  in  Figure  5.12.  Here,  the  stimulation  was  switched 
off  after  30  s  while  the  subject  was  balancing.  This  was  done  in  order  to  emphasize 
the  stabilising  contribution  of  the  FES-controlled  ankle  stiffness.  After  the  stimulation 
was  switched  off  the  subject  immediately  lost  stability.  He  was  then  put  back  by  the 
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Figure  5.11:  Controlled  stiffness  during  standing  trial  (corresponds  to  Figure  5.10).  For 
static  conditions  (t  =  35 
... 
42  s),  the  specified  stiffness  is  achieved. 
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Figure  5.12:  Standing  trial  to  emphasise  contribution  of  FES.  The  stimulation  was 
switched  off  after  30  s. 
experimenter  into  a  nearly  vertical  position  and  fell  again.  This  was  repeated  three  times 
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in  the  remaining  30  s  of  this  standing  trial  but  the  subject  was  not  able  to  stand  without 
stimulation.  The  stiffness  was  specified  as  8  Nm/deg. 
Figure  5.13  clarifies  what  happens  to  the  ankle  stiffness.  Just  before  the  stimulation 
was  switched  off  the  specified  stiffness  was  achieved  but  after  switch  off  it  immediately 
falls  to  about  2  Nm/deg.  The  remaining  stiffness  seems  to  be  inherent  to  the  ankle  joints. 
Note  that  the  moment  produced  by  the  hydraulic  actuators  was  not  measured. 
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Figure  5.13:  Controlled  stiffness  during  standing  trial  when  stimulation  was  switched  off 
after  30  s  (cf.  Figure  5.12). 
Altogether,  a  series  of  five  successful  standing  trials  (excluding  the  trial  shown  in  Fig- 
ure  5.12)  was  carried  out,  each  trial  lasting  60  s.  The  results  are  summarised  in  Table  5.2. 
The  mean  value  9S  as  well  as  the  standard  deviation  cr(Os)  is  given  for  each  standing 
trial.  They  represent  the  angle  of  inclination  of  the  lower  body  and  the  (average)  sway 
amplitude,  respectively. 
Matjacic  and  Bajd  defined  the  quantities  "posture"  and  "postural  activity"  which  take 
the  stiffness  value  into  account  for  a  quantitative  assessment  of  the  standing  trials  [Matjacic 
and  Bajd,  1998b].  However,  instead  of  the  desired  value,  the  actually  achieved  stiffness 
should  be  considered  in  order  to  give  these  quantities  a  reasonable  meaning.  On  the  other 
hand,  it  is  difficult  to  establish  a  constant  value  of  the  present  stiffness  during  standing 
(cf.  Figures  5.7,5.11  and  5.13).  Also,  the  percentage  of  time  spent  in  forward  leaning 
posture  (referring  to  the  lower  body)  t+es  as  well  as  in  backward  leaning  posture  t+e5.  is 
given.  Both  these  values  are  related  to  the  total  duration  of  the  trial. 
Trial  no.  1  was  the  first  successful  trial  and  the  given  values  are  different  from  the  other 
trials.  The  main  difference  is  that  the  subject  spent  approximately  equal  time  in  forward 
and  backward  leaning  postures  which  results  in  a  smaller  value  for  the  average  angle  9s 
and  the  standard  deviation  o(6s).  The  difference  between  the  first  trial  and  the  others 
suggest  that,  during  the  first  trial,  the  subject  was  mainly  trying  to  accustom  himself  to 
the  experimental  environment.  During  the  remaining  trials  the  subject  clearly  preferred  a 
backward  leaning  posture.  This  is  contrary  to  results  reported  with  open-loop  stimulation, 
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trial  no.  K,  [Nm/deg]  6s  [deg]  a(6s)  [deg]  t+es  [%]  t_es  [%] 
1  10  -0.2  1.5  52  48 
2  10  -1.2  2.5  26  74 
3*  10  -1.2  1.9  30  70 
4  8  -1.5  2.1  15  85 
5*  8  -1.8  1.9  7  93 
Table  5.2:  Statistical  evaluation  of  standing  trials.  Prior  to  the  listed  trials  the  initial 
two  trials  failed  due  to  excitation  of  the  knee  flexion  reflex.  The  trials  marked 
with  a  star  are  not  shown  here.  The  trial  shown  in  Figure  5.12  is  not  listed 
here. 
where  the  hips  were  usually  hyperextended  [Kralj  and  Bajd,  1989],  but  coincides  with  the 
results  from  Matjacic  and  Bajd  [1998b]. 
While  the  standard  deviation  does  not  significantly  change  during  the  remaining  course 
of  the  experimental  session,  the  average  inclination  angle  becomes  more  negative  as  the 
subject  relies  more  and  more  on  the  backward  posture.  The  requested  stiffness  was  de- 
creased  from  10  to  8  Nm/deg  but  fatigue  may  be  the  major  source  of  this  effect. 
5.7  Conclusion 
The  results  have  shown  that  paraplegic  standing  can  be  achieved  by  implementing  FES- 
controlled  ankle  stiffness  while  the  residual  sensory-motor  abilities  of  the  patient  are  uti- 
lized.  The  subject  in  our  study  had  to  support  his  trunk  by  holding  onto  the  frame  due  to 
his  rather  high  level  of  lesion  and  his  weak  trunk  muscles.  A  subject  with  a  lower  lesion 
and  adequate  trunk  muscle  strength  should  be  able  to  perform  the  balancing  task  by  using 
his  trunk  muscles  alone,  thus  leaving  the  arms  to  perform  a  functional  task.  However,  the 
results  demonstrate  the  feasibility  of  stable  paraplegic  standing,  when  supported  by  FES- 
controlled  ankle  stiffness.  FES-controlled  ankle  stiffness  makes  an  essential  contribution 
to  the  overall  control  scheme  and  enables  the  subject  to  stand.  This  implies  that  when  the 
subject's  residual  abilities  are  adequately  trained,  quite  simple  FES  control  strategies  can 
be  sufficient  for  stable  standing.  The  results  of  this  study  can  be  summarised  as  follows: 
"  Paraplegic  standing  can  be  achieved  by  FES-controlled  ankle  stiffness. 
"  The  subject  learned  to  stand  by  means  of  the  FES-controlled  ankle  stiffness.  This 
learning  process  was  observed  over  the  course  of  the  presented  series  of  experiments. 
Figure  5.6  was  the  first  standing  trial  during  the  session  on  which  the  results  are 
based.  The  sway  angle  is  rather  restless  for  the  entire  duration  of  the  trial.  In 
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the  following  trials  the  subjects  settled  more  or  less  after  some  initial  sways.  In 
Figure  5.9  the  sway  amplitude  steadily  decreased  and  came  to  rest  during  the  trial 
shown  in  Figure  5.10  and  Figure  5.12  before  the  stimulation  was  switched  off.  The 
same  observation  was  made  during  the  trials  which  are  not  presented  here.  These 
results  suggest  that  the  subject  would  be  able  to  stand  quite  safely  after  an  initial 
learning  phase. 
"  The  accuracy  of  stiffness  control  is  fundamentally  limited  by  the  bandwidth  of  the 
moment  controller  and  the  strength  of  the  muscles.  Clearly,  when  the  controller 
saturates  and  the  muscles  are  not  able  to  produce  the  requested  moment  this  will 
result  in  an  underachievement  with  regard  the  stiffness  control.  However,  accurate 
stiffness  control  can  be  achieved  in  static  conditions,  i.  e.  when  the  subject  is  standing 
quietly  enough. 
"  Standing  is  also  possible  even  when  the  specified  stiffness  can  not  be  achieved. 
"  The  subject  preferred  a  backward  leaning  posture  with  respect  to  the  lower  body 
while  the  upper  body  was  leaning  forward.  Consequently,  mostly  dorsiflexor  stimu- 
lation  was  involved.  It  is  therefore  desirable  to  pay  attention  to  the  moment  tracking 
properties  of  dorsiflexor  stimulation.  Hence,  it  made  sense  to  have  a  controller  based 
on  the  dorsiflexor  dynamics  as  well  as  the  plantarflexor  dynamics.  However,  it  has 
been  seen  in  the  previous  chapter  that  it  depends  on  the  physical  constitution  of 
the  subject  whether  this  is  possible,  although  it  might  be  necessary  for  successful 
standing. 
"  Overall  the  subject  was  able  to  stand  for  a  considerable  time  span.  Five  successful 
standing  trials  were  performed  during  the  session,  each  with  a  duration  of  one  minute. 
The  initial  two  trials  failed  due  to  excitation  of  the  knee  flexion  reflex.  Additional 
tests  were  done  to  establish  the  stabilising  contribution  of  the  ankle  stiffness  control 
as  shown  in  Figure  5.12.  At  the  end  of  the  session  a  perturbation  test  (amplitude 
20  Nm,  duration  200  ms)  was  carried  out  (not  shown  here).  However,  the  subject 
was  not  able  to  recover  from  the  perturbations  and  fell  over.  As  this  test  was  carried 
out  at  the  end  of  the  session  the  subject  might  already  have  been  too  fatigued 
to  successfully  deal  with  perturbations.  Matjacic  and  Bajd  also  reported  in  their 
study  that  the  subject  had  difficulty  to  recover  from  perturbations  when  no  cognitive 
feedback  was  provided,  as  is  the  case  in  our  study. 
"  Requirements  within  the  experiment  were  to  be  quick  during  the  identification  and 
control  design  process.  This  saves  muscle  power  for  standing.  The  identification  pro- 
cess  has  a  great  potential  for  automation  and  the  control  design  method  is  simple  and 
straightforward.  The  identification  and  control  design  process  took  approximately 
10  -  15  minutes.  The  whole  experimental  session  lasted  1  hour. 
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...  5.7.  Conclusion 
"  Note  that  no  model  of  the  biomechanical  structure  was  required  at  all.  The  stiffness 
value  was  chosen  using  the  results  from  Matjacic  and  Bajd  [1998b].  This  considerably 
simplifies  the  design  process  of  the  FES  system  since  an  accurate  model  of  the 
biomechanical  structure  is  difficult  to  obtain. 
"  Stiffness  is  not  sufficient  to  stabilise  the  body  (cf.  Chapter  4).  The  idea  was  to 
make  the  task  of  stabilising  the  erect  body  possible  for  the  subject  himself,  using 
his  own  sensory-motor  abilities.  However,  the  FES-controlled  ankle  stiffness  clearly 
contributes  to  the  task  of  stabilising  the  body. 
9  Without  stimulation  the  subject  was  not  able  to  stand. 
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In  this  thesis,  results  of  a  previous  experimental  study  on  unsupported  standing  by  Hunt 
et  al.  [1997]  and  Munih  et  al.  [1997]  were  verified.  This  study  focussed  on  the  feasibility 
of  paraplegic  standing  supported  only  by  the  subject's  paralysed  muscles  and  without  any 
arm  support.  The  control  approach  was  developed  further  and  the  achievable  periods  of 
standing  were  prolonged  compared  to  the  previous  work.  The  initial  approach  imposed 
restriction  on  the  subject's  freedom  of  movement  as  voluntary  inputs  by  the  CNS  were 
minimised  by  a  custom  made  body  shell  which  confined  the  subject  to  a  single-link  inverted 
pendulum.  This  approach  was  purely  experimental  and  can  not  be  called  "functional" 
. 
It  is  only  natural  to  take  advantage  of  the  residual  sensory-motor  faculties  of  the 
paralysed  subject,  rather  than  to  suppress  them.  We  called  this  "integrated  voluntary 
control".  Matjacic  and  Bajd  showed  that  a  paraplegic  subject  is  well  able  to  maintain 
balance  when  a  sufficient  ankle  stiffness  is  provided  using  his/her  residual  sensory-motor 
capacities.  They  provided  ankle  stiffness  by  a  hydraulic  actuator  [Matjacic  and  Bajd, 
1998b].  We  therefore  aimed  to  substitute  the  hydraulic  actuator  by  FES-controlled  ankle 
stiffness.  This  was  a  novel  approach  and  unprecedented  in  the  literature. 
As  a  first  step  we  investigated  the  feasibility  of  ankle  stiffness  control  accomplished 
by  FES  in  order  to  establish  the  quality  of  stiffness  control  which  can  be  expected,  what 
might  be  the  limitations  of  FES-controlled  ankle  stiffness  and  to  what  extent  it  might 
facilitate  standing.  The  main  limitation  was  found  to  be  the  strength  of  the  subject's 
paralysed  muscles.  This  is  well  known  for  all  FES-supported  standing  schemes  since  the 
paralysed  muscles  have  to  support  the  body  weight.  However,  this  could  be  overcome,  to 
a  certain  extent,  by  appropriate  muscle  training. 
In  a  second  study  the  stiffness  control  scheme  was  further  developed  and  transferred 
into  a  standing  environment.  Paraplegic  standing  was  achieved  with  the  proposed  strategy. 
It  shows  for  the  first  time  that  functional  paraplegic  standing  is  possible  by  means  of 
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FES  relying  on  feedback  control  and  the  subject's  own  capabilities  of  maintaining  balance 
in  order  to  achieve  stability.  So  far,  paraplegic  standing  is  usually  achieved  by  open-loop 
stimulation  of  the  knee  extensor  muscles  and  ankle  orthoses  while  arm  support  is  required 
to  achieve  stability,  which  limits  the  functional  potential  of  that  approach. 
The  investigated  standing  strategy  and  control  design  can  be  used  by  people  from  a 
clinical  background  who  have  little  expertise  in  control  engineering.  Moreover,  it  has  great 
potential  to  be  extended  towards  more  safety  and  reliability.  In  fact,  standing  by  FES- 
controlled  ankle  stiffness  is  intended  to  be  only  the  first  step  towards  a  full  impedance 
control,  i.  e.  assigning  and  controlling  favourable  values  of  stiffness,  viscosity,  inertia  and 
possibly  higher  order  terms.  This  is  expected  to  minimise  the  control  effort  required  by 
the  subject. 
However,  this  raises  the  issue  of  suitable  sensors  for  feedback.  Obtaining  angular 
feedback  is  straightforward  but  the  values  of  velocity  and  acceleration  in  question  are  low 
which  would  require  very  sensitive  (and  probably  expensive)  sensors.  On  the  other  hand, 
differentiating  the  angle  signal  requires  filtering  which,  in  turn,  can  reduce  the  effect  of 
the  derivative  feedback. 
Another  direction  which  one  might  be  tempted  to  look  is  motivated  by  the  observa- 
tion  that  the  subject  was  still  able  to  maintain  balance  even  when  the  stimulation  signal 
saturated.  With  respect  to  the  underlying  moment  control  loop,  this  is  in  fact  open-loop 
control.  Therefore,  it  would  be  interesting  to  see  whether  standing  is  still  possible  when 
the  moment  control  loop  is  replaced  by  open-loop  stimulation  of  the  plantarflexor  and 
dorsiflexor  muscles.  Results  from  Chapter  3  also  suggest  that  accurate  moment  tracking 
is  less  important  than  a  quick  reaction  to  changes  in  the  direction  of  the  inclination  angle 
or  inclination  velocity.  This  approach  would  solve  the  problem  of  a  practical  sensor  for 
the  ankle  moment.  The  disadvantage  of  open-loop  stimulation,  however,  is  that  usually 
the  full  stimulation  level  is  applied,  even  when  this  is  not  necessary.  This  increases  and 
hastens  fatigue  and,  consequently,  shortens  the  achievable  periods  of  standing. 
Furthermore,  the  current  standing  strategy  can  be  extended  to  incorporate  hip  stiffness 
control  by  stimulation  of  the  hip  abductor  muscles.  This  could  provide  stability  in  the 
frontal  plane.  Moreover,  it  could  enable  the  subject  to  voluntarily  switch  his  posture  in 
order  to  rest  the  leg  muscles  from  time  to  time  and,  consequently,  prolong  the  period 
of  standing.  Unfortunately,  initial  experience  suggests  that  this  might  be  beyond  the 
limitations  of  surface  stimulation.  Hip  abductor  muscles  are  usually  quite  strong.  In 
intact  subjects,  they  are  able  to  produce  moments  of  around  100  Nm.  However,  using 
surface  stimulation,  we  were  only  able  to  generate  very  low  moments  (>  10  Nm).  An 
explanation  is  that  these  muscles  are  very  short.  Therefore,  the  electrodes  have  to  be 
placed  close  together  and,  as  a  result,  the  electrical  field  does  not  penetrate  deeply  into 
the  muscle  tissue. 
The  current  standing  strategy  can  however,  be  extended  to  take  the  knee  extensor 
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muscles  into  account.  This  should  be  straightforward  as  this  is  the  current  approach  to 
paraplegic  standing  by  FES  in  clinical  therapy.  Currently,  the  knees  are  braced  by  a 
leather  belt  in  front  of  them  in  the  experimental  apparatus. 
Finally,  the  current  strategy  and  any  further  development  should  be  tested  in  a  larger 
population  of  paraplegic  subjects  in  a  clinical  study  in  order  to  assess  the  full  potential 
and  limitations  of  the  approach. 
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Specification  of  the  MRF 
Hydraulics 
Rotary  Actuator 
model 
maximum  torque 
maximum  work  pressure 
angle  of  rotation 
absorption  volume 
mass 
friction  break-out  pressure 
Servo  Valve 
model 
rated  no  load  flow  @  70  bar 
maximum  work  pressure 
rated  current 
rise  time 
Power  Unit 
Knapp  Microfluid  DA12  270 
120  Nm 
100  bar 
270° 
68  cm3/a 
1.7  kg 
10  bar 
MOOG  E760/100 
3.851/min 
210  bar 
f  15  mA  parallel 
ca.  6  ms 
model  Knapp  Microfluid  AKA  5K  T2A  compact  power  unit 
theoretical  flow  5.81/min 
maximum  work  pressure  90  bar 
motor  power  1.1  kW 
electrical  supply  380  V  AC  3-phase 
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Sensorics 
Pressure  Transducer 
model 
pressure  range 
output 
rise  time 
electrical  supply 
Shaft  Encoder 
model 
resolution 
output 
interface 
electrical  supply 
Data  Acquisition  Card 
model 
bus  system 
analog  input 
analog  output 
digital  input 
digital  output 
model 
bus  system 
digital  input/output 
MP  Filtri  TR4002 
0-  100  bar 
0-10VDC 
l  ms 
13-30VDC 
Hengstler  absolute  rotary  encoder  RA58 
12  bit 
TTL 
parallel,  Gray  code 
5V  DC 
Humusoft  AD512 
ISA 
number 
resolution 
input  range 
sampling  rate 
number 
resolution 
output  range 
maximum  output  current 
number 
level 
number 
level 
8  SE 
12  bit 
0-5,0  -  10,  ±5,  ±10  V 
100  kHz 
2 
12  bit 
0-5,0  -  10,  ±5,  ±10  V 
lO  mA 
8 
TTL 
8 
TTL 
National  Instruments  PCI-6503 
PCI 
number  24,  programable 
level  TTL 
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Force  Platform 
model  Advanced  Mechanical  Technology  (AMTI)  OR6-7 
capacity  F,  Fy  500  lb 
Fz  1,000  lb 
Mx  10,000  in  lb 
My  9,125  in  lb 
Mz  5,000  in  lb 
natural  frequency  F,  Fy  300  Hz 
Fz  400  Hz 
sensitivity  Fx,  Fy  3,000  µV/V/lb 
F,  z  750  µV/V/lb 
M,  My  180  µV/V/(in  lb) 
Mz  382  pV/V/(in  lb) 
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